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Preface To The Third Edition 

The primary objective in preparing a new edition of Principles of Farm 
Machinery at this time was to incorporate SI (metric) units of measure. 
Engineering colleges and schools in many universities are moving rapidly 
toward the use of the SI system in teaching engineering courses. In this 
Third Edition, U.S. customary units are also shown in most places because 
responses to a questionnaire sent to all agricultural engineering departments 
in the United States and Canada were overwhelmingly in favor of the dual¬ 
unit presentation. Customary units have been omitted in some places where 
the significance of the numbers is in their relative values rather than their ab¬ 
solute magnitudes or where including dual units would unduly complicate 
the presentation of a graph. Problems have only SI units. 

The portion of Chapter 2 dealing with costs has been updated and rewrit¬ 
ten. New material has been added pertaining to large-hay-bale systems, 
axial-flow threshing cylinders and rotary separation in grain combines, and 
handling and storing seed cotton. Minor updating has been done where ap¬ 
propriate throughout the remainder of the book. We did not make an ex¬ 
haustive search of all pertinent literature published since the Second Edition 
was prepared in 1971, but papers appearing in the Transactions of the 
ASAE during this period were reviewed and appropriate ones are cited. 

Principles of Farm Machinery emphasizes functional requirements, prin¬ 
ciples, and performance evaluation of field machines, but also includes some 
design-related material. It is intended primarily as a textbook for an upper- 
division engineering course in field machinery. Prerequisites should include 
a course in static mechanics. Knowledge pertaining to strength of materials 
and dynamics would be helpful but is not essential. 

Reference lists at the ends of the chapters indicate the source of much of 
the technical material in the book and provide a handy guide for more 
detailed study of a particular subject. Such information should be helpful to 
the practicing agricultural engineer as well as to others in the farm 
machinery industry. 

In 1975, agricultural engineering students at the University of Missouri- 
Columbia, under the direction of Professor C.E. Goering, developed a page- 
by-page SI conversion supplement for the Second Edition. Having their 
results available as a means of checking our conversions for the Third Edi¬ 
tion was most helpful. Massey-Ferguson, Inc., Des Moines, Iowa, provided 
funds for typing, drafting, and other incidental expenses. Special 
appreciation is expressed to Karin Clawson for typing the revised portions of 
the manuscript, to James Bumgarner for preparing the line drawings, to 

v 
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Dennie Kepner (wife of the senior author) for assistance in proofreading, 

and to electronics engineers for developing pocket computers such as the 

HP-55. 

April, 1978 

R. A. KEPNER 

ROY BAINER 

E. L. BARGER 



Preface To The Second Edition 

There has been a tremendous amount of research and development in the 

area of farm machinery since the First Edition was published 17 years ago. 

Several thousand technical reports have been published during this period. 

Reviewing a substantial portion of these and deciding what information 

should be included in the Second Edition has been a formidable task. 

To provide space for new information without greatly increasing the 

length and cost of the book, four chapters and most of the appendix material 

included in the First Edition have been deleted. No ASAE standards or rec¬ 

ommendations are included in their entirety because these are now readily 

available and kept up-to-date in the Agricultural Engineers Yearbook. The 

chapter on construction materials was deleted because of the considerable 

amount of space that would be required to cover this subject adequately. 

Several new chapters or major portions of chapters have been added. 

Although much of the basic information from the First Edition has been 

retained, the entire book has been rewritten and up-dated. Substantial 

changes have been made in the organization and sequence of presentation in 

some subject areas. Half of the line drawings and 60% of the halftones are 

new in the Second Edition. 

As in the First Edition, some problems are included at the ends of most 

chapters. Instructors are urged to develop additional problems appropriate 

to their specific teaching objectives. 

Responses to a questionnaire sent to all agricultural engineering depart¬ 

ments in the United States and Canada in 1970 provided valuable guidance 

regarding the general subjects to be included and the manner of presenta¬ 

tion. Some instructors would prefer that the book be design-oriented, but the 

predominant use appears to be in more general farm machinery courses. Ac¬ 

cordingly, the Second Edition continues to emphasize functional require¬ 

ments, principles, and performance evaluation, but with some design-related 

material included. Ideally, there should be two textbooks, one on principles 

and one on design. 

We wish to acknowledge the assistance of the following persons, each of 

whom reviewed preliminary drafts of one or more chapters: N.B. Akesson, 

K.K. Barnes, G.P. Barrington, A.M. Best and members of his engineering 

staff, D.C. Bichel, H.D. Bruhn, B.J. Butler, D.M. Byg, W.J. Chancellor, 

G.F. Cooper, T.E. Corley, J.B. Dobie, K.J. Fornstrom, R.B. Fridley, W.R. 

Gill, J.R. Goss, R.C. Hansen, E.D. Hudspeth, Jr., D.R. Hunt, W.H. 

Johnson, J.J. Mehlschau, M. O’Brien, J.G. Porterfield, C.B. Richey, C.E. 

Schertz, W.L. Sims, B.A. Stout, H.E. Studer, G.R. Tupper, P.K. Turnquist, 
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J.C. Vance, and W.E. Yates. Comments and suggestions from these experts 

were extremely helpful and represent significant contributions to the final 

product. 
Massey-Ferguson, Ltd., Toronto, Canada, provided funds for typing, 

drafting, and other incidental expenses. Without this support, the revision 

probably would not have been undertaken. We are grateful to the University 

of California for providing facilities and especially to the Department of 

Agricultural Engineering for permitting part of the writing to be done on 

University time. Special appreciation is expressed to Karin Clawson and 

Joanne Weigt, who typed the manuscript, and to James Bumgarner who 

prepared the line drawings. 

December, 1971 

R. A. KEPNER 

ROY BAINER 

E. L. BARGER 



Preface To The First Edition 

In preparing this textbook, the authors have attempted to present the sub¬ 

ject of farm machinery from the engineering viewpoint, emphasizing 

functional requirements and principles of operation for the basic types of 

field machines. Where feasible, machines for a particular cultural practice 

(such as planting) have been treated on the basis of the unit operations per¬ 

formed by the functional elements of the machine. Methods for testing or 

evaluating the performance of certain types of field machinery are included 

in the appropriate chapters. 
Principles of Farm Machinery is designed primarily as a textbook for an 

upper-division course in farm machinery that might be required of all 

professional agricultural engineering students, regardless of their expected 

field of specialization. Prerequisites should include a course in static 

mechanics. Knowledge pertaining to strength of materials and to dynamics 

would be helpful but is not essential. 
In discussing the various machines, only a minimum amount of descrip¬ 

tive material has been included. We have assumed that the reader will be 

generally familiar with the common types of farm machinery, either from 

actual experience or from other course work. A student without this 

background should, from time to time, consult references of a more descrip¬ 

tive nature (trade literature, non-technical textbooks, etc.). The laboratory 

provides additional opportunity for the student to become familiar with the 

details of specific machines. 
This book represents a summarization and integration of a vast amount of 

engineering information not heretofore available in one volume. Reference 

lists at the ends of the chapters indicate the sources for much of the material 

and provide a handy guide for more detailed study of any particular subject. 

Such information should be helpful to the practicing agricultural engineer as 

well as to others in the farm machinery industry. 
The subject matter deals primarily with the more common types of field 

machines but also includes general discussions of materials, power transmis¬ 

sion, economics, and hydraulic controls, as applied to farm machinery. The 

.chapter on seed cleaning is included only because of its relation to the 

separating and cleaning functions in seed-harvesting equipment. There are 

many examples of specialty equipment and localized special problems that 

require engineering attention and offer a real challenge to the farm 

machinery development engineer, but space does not permit their considera¬ 

tion in this book. 
It is recognized that there is considerable variation in the type of approach 

and technical level of treatment for the various subjects presented. Unfor- 

IX 
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tunately, this inconsistency is an indication of the present status of farm 

machinery engineering. For some types of equipment, considerable 

engineering information and analytical material are available in the 

literature, but for other types there is little or nothing other than descriptive 

material. This situation, however, is changing rapidly and will continue to 

improve in the future. 

Lack of standardization of nomenclature is one of the difficulties con¬ 

fronting a person who writes about farm machinery. The authors have given 

considerable thought to this problem in an attempt to select the most 

descriptive and logical terms and perhaps contribute in some degree to 

future standardization of nomenclature. For example, what we describe as a 

vertical-disk plow is known in the industry by any one of half a dozen names, 
including the one we selected. 

In a group of closely related books such as The Ferguson Foundation 

Agricultural Engineering Series, some overlapping of subject matter is un¬ 

avoidable and perhaps even desirable. For example, the subject of hydraulic 

controls is discussed in our book as well as in the tractor book of this series. 

This duplication is felt by the authors to be justified because of the increas¬ 

ing importance of the subject and because of the direct relation of hydraulic 
controls to farm machinery and its design. 

The authors wish to express their appreciation to the many individuals 

and organizations whose material we have freely used in preparing this 

manuscript. Farm machinery manufacturers and others have been most 

cooperative in supplying illustrative material. We are particularly indebted 

to the Ferguson Foundation, Detroit, Michigan, for sponsoring this work, 

and to Mr. Harold Pinches of the Foundation for his encouragement and 

assistance. Credit is given to the University of California for providing the 

services and facilities so necessary in such an undertaking. 

The preliminary, offset-printed edition was reviewed by many of the 

leading agricultural engineers, both in industry and in state colleges and 

universities. Specific suggestions received from approximately fifty of these 

reviewers, over half of whom were men in industry, represent an important 

contribution to the accuracy and completeness of the book. We are sincerely 

grateful for the help received from these men. Our special thanks go 

to Messrs. N.B. Akesson, A.W. Clyde, and F.W. Duffee for assistance with 

the subject matter in their respective fields of specialization. Appreciation is 

expressed to Mrs. Hazel Porter for her cooperation and patience in typing 

the manuscript, to Messrs. Maurice Johnson and Gerald Lambert who 

prepared most of the line drawings for illustrations, and to all others who 
assisted in any way. 

ROY BAINER 

R. A. KEPNER 

E. L. BARGER 
October, 1955 
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is equal and opposite to Pv and may be from a pull-type, mounted, or 
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center of resistance of the implement and BH is the line of pull. Ph' is the 
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1 

Research and Development 

In Farm Machinery 

1.1. Introduction. The application of machines to agricultural production 

has been one of the outstanding developments in American agriculture dur¬ 

ing the past century. The results are to be seen in many aspects of American 

life. The burden and drudgery of farm work has been reduced and the output 

per worker has been greatly increased. Farm mechanization has released 

millions of agricultural workers to other industries, thus contributing to 

America’s remarkable industrial expansion and to the high standard of liv¬ 

ing that now prevails in this country. 

Our constantly expanding population has required arid will continue to de¬ 

mand an ever-increasing agricultural production of foods and fibers. Some 

of the increased production that has been realized during the past century 

must be credited to advances in nonengineering phases of agricultural 

technology such as better crop varieties, the more effective use of fertilizers 

and pesticides, and improved cultural practices. A major factor, however, 

has been the increased utilization of nonhuman energy and of more effective 

machines and implements. 

Mechanization has been aided by, and in some cases made feasible only 

because of, the contributions of plant scientists and others in the biological 

sciences. Plant breeders have produced varieties better suited to mechanical 

harvesting. Examples are dwarf varieties of grain sorghum having uniform 

growth, stormproof cotton, hybrid corn varieties with less tendency to lodge, 

and tomatoes that all ripen over a short period of time and can withstand the 

rough treatment from a mechanical harvester. Cultural practices for some 

crops have been changed to modify growth habits and obtain plants better 

suited to mechanical harvesting. 

1.2. Reasons for Mechanization. Reduction of labor requirements has 

been the principal motivating force in agricultural mechanization. Whereas 

in 1870 over half of the entire labor force in the United States was still on 

farms,7 only one U.S. laborer out of 12 in 1960 and one out of 26 in 1976 was 

engaged in agriculture.22 Mechanization is particularly advantageous when 

it can minimize a high peak labor demand that occurs over a relatively short 

period of time each year, as in harvesting certain fruits and vegetables. 

Historically, advances in farm mechanization have been made where a 

strong demand for labor in other industries has withdrawn workers from the 

1 



2 PRINCIPLES OF FARM MACHINERY 

land and forced wage rates up. Severe labor shortages and high wage rates 
during World War I and World War II, together with the simultaneous de¬ 
mands for increased agricultural production, have had a marked influence 
on the mechanization of certain operations in the United States. Before 
World War II, for example, the mechanization of sugar beet harvesting was 
held back by the reluctance of processors to accept the product obtained 
with mechanical harvesters. But the labor shortage resulting from the war 
forced the industry to modify its standards, improve processing equipment, 
and accept mechanically harvested beets in order to prevent a drastic reduc¬ 
tion in crop area. Current labor problems are forcing mechanization of fruit 
and vegetable harvesting at an abnormally fast rate. 

Mechanization encourages better management of farm enterprises and 
makes it possible by providing more free time for planning and study. The 
average size of farms in the United States doubled between 1945 and 1969, 
while the total crop area remained approximately the same.22 The increased 
size and the higher level of mechanization, with resulting large capital invest¬ 
ments, require increased emphasis on management. 

Mechanization contributes to timeliness which, in turn, often increases 
profits. Many field operations must be performed within rather short 
periods of time if optimum results or maximum returns are to be obtained. 
With high-capacity mechanized units, operated 24 h per day if necessary 
during these critical periods, such operations can be completed in a 
minimum of time. Other contributions or objectives of farm mechanization 
are the improvement of working conditions and the performance of jobs that 
would otherwise be difficult or impossible by hand methods. 

Overall cost reduction as a result of mechanization is highly desirable but 
not always imperative. In some situations farmers may prefer to mechanize, 
even though their net profits may be slightly reduced, to avoid problems in¬ 
herent in procuring and managing large labor forces. 

1.3. Mechanization in the Future. History indicates that the process of 
mechanization is dynamic, with no ultimate goal in sight. Under our system 
of competitive free enterprise, each manufacturer must continually improve 
his products and develop new ones in order to maintain a profitable position 
and grow or survive. Safety, comfort, and convenience for the operator will 
continue to receive a great deal of attention. As operators are isolated more 
and more from the functional portions of a machine, monitoring systems 
and automatic controls for complex machines become increasingly impor¬ 
tant. Automation of certain field operations, including automatic guidance 
systems, is already beyond the dream stage. 

As larger and larger tractors are introduced, tillage tools must be designed 
for higher speeds or to efficiently utilize other than drawbar power so that 
traction is not a limiting factor. There is a great deal of room for developing 
more efficient tillage tools that will require less energy per hectare to 
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produce the desired effect on the soil. 
Although considerable progress has been made in mechanizing the harvest 

of fruits and vegetables, much remains to be done in this area. Mechanical 

harvesting of these crops is difficult because of the varied characteristics of 

the different plants and because most fruits and vegetables are delicate and 

perishable. Pruning of trees and vines in the conventional manner is difficult 

to mechanize because of the human judgment required in this operation. 

Changes in cultural practices to permit hedge-row pruning will facilitate 

mechanization. Tobacco, one of the ten most valuable crops in the United 

States, still requires a tremendous amount of hand labor. 
The economic adaptation of certain types of machines to small farms is a 

problem that needs more attention before our agriculture can become com¬ 

pletely mechanized. On many farms the area planted to a particular crop is 

too small to justify the ownership of expensive equipment such as hay balers, 

hay cubers, cotton pickers, tomato harvesters, and the like. Joint ownership 

and contract or custom operations are alternatives to individual farmer own¬ 

ership, but they have their limitations and disadvantges from the farmer’s 

standpoint. 
Simplification of the more complex machines, which is in direct contrast 

to present development trends, is needed and is a real challenge to 

agricultural engineers. 
1.4. Characteristics of Farm Machinery Engineering. Agricultural 

engineering is the application of engineering knowledge and techniques to 

agriculture. The successful agricultural engineer must recognize that there 

are basic differences between agriculture and other industries. 
The biological factor is an important consideration in engineering applica¬ 

tions because soils and plant materials usually are involved. The farm 

machinery engineer needs to be familiar with the basic principles and prac¬ 

tices in agriculture. Cultural practices may need to be changed, or new crop 

varieties developed, to make mechanization of a particular operation feasi¬ 

ble or to increase the effectiveness of a machine. Processing equipment and 

standards may need to be revised to accommodate mechanically harvested 
crops. The quality or yield of a crop is sometimes reduced by the use of a 

machine, the resulting monetary losses being chargeable against the 

machine. 
The agricultural industry is basically decentralized or dispersed, with 

' nearly 3 million operating units in the United States (2.8 million farms in 
197622), an(i js greatly affected by climatic conditions. Power must be taken 

to the work, rather than bringing work to a centralized power plant. Most 

field operations are seasonal in nature, often with only a short period ol time 

available in which to perform the task. Consequently, field machinery in 

many cases has a low annual use (i.e., very few hours of operation per year). 

It has been said that the field of farm machinery design presents a greater 
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challenge to an engineer’s ability than any other field of engineering en¬ 
deavor. Farm machines must perform satisfactorily over wide ranges in a 
considerable number of variables. They may be operated where the tem¬ 
perature is well above 40°C or where it is below freezing, and are subjected 
to rain, snow, and sleet. Instead of resting on a solid factory floor or moving 
over a smooth road, they must operate over uneven terrain through dust, 
sand, mud, and stones. They must be designed to handle wide variations in 
crop and soil conditions. Operators often are relatively unskilled, partly 
because of the limited usage of the machines. 

In addition to the difficult environmental conditions, farm machines are 
subjected to rather stringent economic limitations. Manufacturing costs 
must be kept to an absolute minimum so that the limited amount of opera¬ 
tion will not put the cost per hour into a prohibitive range. Therefore, farm 
machinery designs must be as simple as possible, must utilize the lowest-cost 
materials that are available and satisfactory for the job, and must permit the 
widest manufacturing tolerances that are consistent with good performance. 

1.5. Types of Problems Encountered. The student approaching the subject 
of farm machinery engineering might well consider the types of problems 
most frequently encountered in this field, together with the general methods 
ordinarily employed in pursuing these problems. Although the variety of 
problems that might be encountered is wide, most of them can be grouped 
into the following general classification. 

1. Development of a new type of machine. 
2. Improvement of a machine, development of a new model similar to 

existing machines, or design changes to reduce the manufacturing cost 
of a machine. 

3. Comparative testing of several machines or evaluation of the perfor¬ 
mance of a particular machine. 

4. Investigation of the effects of a machine or a mechanized system upon 
crop production and/or economics. 

5. Studies relating to the more efficient utilization of existing machines or 
their adaptability to special situations. 

6. Research studies of fundamental problems not specifically related to a 
particular machine, such as the study of soil dynamics in relation to 
tillage and traction. 

Commercial manufacturing organizations are, of course, concerned 
primarily with the development and improvement of farm machinery, the ul¬ 
timate goal being to obtain a product that is useful and acceptable to the 
farmer and that can be manufactured and sold at a profit. To this end, the 
farm machinery industry is doing an increasing amount of research, the 
results of which can be applied to some particular class or group of 
machines. 
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Public-service agencies such as state agricultural experiment stations and 
the United States Department of Agriculture (USDA) may undertake any 
of the types of problems listed above, but their major emphasis and respon¬ 
sibilities are in research activities (items 3-6). Research problems related to 
mechanization often require the cooperation of several branches of science 
and hence can be investigated most effectively by state or federal experiment 
stations. Cooperative research between public agencies and the farm equip¬ 
ment industry is common, often being partially supported by a manufacturer 
through grants, fellowships, or equipment loans. 

The development or improvement of a machine, when undertaken by a 
public-service agency, often involves either a special problem of a localized 
nature (geographically) or one that is likely to require a great deal of 
development work and close coordination with research workers in other 
agricultural fields (such as plant breeders, botanists, entomologists, etc.). 
Emphasis in such a program is generally placed upon determining functional 
requirements, testing basic principles, and developing functional elements, 
with the final design of a production model being left to the manufacturer. 

Whether the engineer is conducting research, developing a machine, or 
dealing with any of the other types of problems that may be encountered, he 
should adopt a positive approach and have faith and determination that the 
problem will be solved. The need for clear thinking and keen observation 
throughout the job cannot be overemphasized. Open-mindedness and 
tolerance are also important. 

RESEARCH 

Ellison8 has defined research as “study that is planned to gain basic infor¬ 
mation not available in the form (in which) it is desired.” Research results 
are fundamental and are comparable with results secured by the same 
methods at other times. Development work, testing, surveys, investigations, 
and experimentation may all be parts of a research program but do not in 
themselves constitute a complete research cycle. 

1.6. Research Procedure. A research procedure is primarily an orderly 
process for analyzing, planning, and conducting an inquiry.8 The first and 
probably the most important single consideration is the recognition of and 
selection of a problem needing solution. Otherwise the research may be 
meaningless. The second step is the accumulation of existing information 
related to the problem, together with a careful and objective analysis of these 
data and of the factors (variable or constant) involved in the problem. The 
variables must then be associated in such a way as to establish their 
functional interdependence. A good basic analysis should uncover every fun¬ 
damental fact and relationship without prejudice or favor. 

The formation of a hypothesis and the organization of experiments based 
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upon this hypothesis is next in order. Often a considerable amount of time 
must be spent on experimental methods and instrumentation before a direct 
attack can be made on the main objective. If the preceding steps have been 
performed carefully and objectively, the execution of the selected procedure 
and subsequent analysis of the results should lead to the ultimate research 
objectives. 

Adequate records (both written and photographic) of experimental condi¬ 
tions and results are important. The findings should be compared with and 
checked against those of similar research performed by other agencies, and 
the data should be analyzed and interpreted so as to give the maximum 
amount of useful information, particularly in regard to general principles. 
Prompt and effective publishing of the results constitutes an important part 
of the research procedure. 

1.7. Designing an Experiment. When a research problem involves the soil 
or biological materials, there are always unknown or partially known, un¬ 
controlled variables that may affect the results. This is also true to a lesser 
extent with manufactured materials or products. In such cases, experimental 
statistics should be employed in designing the experiment and in analyzing 
the results. The engineer should either enlist the aid of a statistician or refer 
to appropriate publications on experiment design and statistical analysis.5 
Proper statistical design will ensure maximum usefulness and reliability of 
the results, assuming the tests are conducted carefully and measurements 
made accurately. 

Two essential characteristics of a good experiment design are the inclu¬ 
sion of several replications of each treatment or each material and ran¬ 
domization of the treatments. The number of replications needed depends 
upon the anticipated magnitude of the uncontrolled variations. At least 2 
replications are necessary to be able to estimate the variability or experimen¬ 
tal error, but at least 4 should be used in most cases. Increasing the number 
of replications decreases the experimental error associated with the observed 
difference between two treatments, thus reducing the amount of difference 
required for statistical significance. 

Randomization is the process of determining in a purely random manner 
which plots or experimental units are to receive a given treatment. Ran¬ 
domization must be entirely objective, as by drawing numbered slips of 
paper representing the different treatments or by using tables of random 
numbers published in statistical references.5 Randomization is necessary to 
minimize bias from uncontrolled variables so that one treatment is no more 
likely than another to be favored in any replicate, thus ensuring that the 
statistical estimate of error is valid. 

Experiment designs based on statistics have been developed for the 
simultaneous study of 2 or more factors or variables, each at 2 or more 
levels, in one experiment. This design, known as a factorial experiment, 
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gives the effects of each variable and also any interactions between 
variables.13 An interaction may be defined as the failure of one variable to 
react the same throughout regions or levels of another variable. The number 
of plots required per replication is the product of the numbers of levels for all 
the variables. 

DEVELOPMENT PROCEDURES 

The word “development” implies the gradual advancement of a plan 
toward a specific goal and describes the overall process by which most farm 
machines evolve. Hard work, objective thinking and planning, and 
numerous disappointments are characteristic of a typical machinery 
development program. 

Early farm machinery developments were often crude and haphazard, 
with the cut-and-try system predominating. Present-day farm machinery 
design, however, is rapidly becoming more scientific, with the development 
of a machine being based increasingly upon fundamental principles and in¬ 
formation obtained by research methods. 

Present-day development programs, whether in industry or in public- 
service agencies, tend to follow to a considerable extent the research pattern 
described in Section 1.6. Functional and physical tests of components and 
machines, both in the laboratory and in the field, are an indispensable part 
of any development program. 

Throughout the history of agricultural mechanization, the farmer has 
played an important role in the development of equipment to meet his needs. 
The ideas for many of our present-day farm machines originated on -the 
farm, and in many cases the first models were built by farmers or under their 
supervision. During early field tests of a new commercial model, the 
assistance and cooperation of farmers and operators are invaluable assets to 
the manufacturer, sometimes spelling the difference between success and 
failure for the machine. 

1.8. Improvement of Existing Machines. Most machinery projects of 
manufacturers are evolutionary developments involving improvements of 
existing machines or new designs similar to existing machines. Some pro¬ 
jects originate because of economic considerations, even though the existing 
device is entirely satisfactory from both the functional and mechanical 
standpoints. Problems involving the reduction of costs or the substitution of 
more readily available materials are examples. 

A new design to replace an older model usually is put into production only 
if the manufacturer thinks it offers more value to the farmer in relation to its 
manufacturing cost and will maintain or increase sales. Greater value to the 
farmer might be evidenced in improved quality of work, more efficient use of 
power or human labor, greater durability, easier servicing and maintenance, 
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etc. Specifications for new designs are based on features of successful com¬ 
petitive machines, surveys of customer satisfaction, service experience with 
existing machines, market analysis, projected trends in yields and cultural 
practices, and recent technological developments.19 

In a typical situation, the sales, service, and product engineering groups 
develop and agree upon the specifications for the new design, including 
allowable cost and estimated sales. The product engineering group then 
designs and develops a new model that meets the specifications and incor¬ 
porates other improvements. If the new design represents a major departure 
from existing models, the development procedure may be similar to that 
described below for a new type of machine. 

1.9. Development of a New Type of Machine. Some new machines are 
revolutionary or unconventional developments that provide new and better 
methods of doing a job. One example is the small combine, which was in¬ 
troduced in the 1930s and quickly replaced the grain binder and stationary 
thresher.19 More recent examples are the hay cuber, which provides an im¬ 
proved method of handling hay, and the tomato harvester, which drastically 
reduces labor requirements. 

The first step in developing a new type of machine is recognition and 
evaluation of the problem. In public-service agencies, farm machinery 
development projects (as well as other types of problems) are frequently in¬ 
itiated at the request of some influential outside group or organization 
whose members will be directly benefited by the results, or at the suggestion 
of personnel within the research agency who recognize the importance of the 
problem. Cooperative projects between agricultural engineers and various 
agricultural science groups are common in experiment-station work. In any 
case, a proposed project should first be studied and evaluated in regard to 
the potential application of the results and its value to the farmer in terms of 
labor saving, increased crop returns, improved quality, increased income, 
etc. 

Projects in commercial organizations to develop new types of machines 
may originate as a result of favorable market research or because the judg¬ 
ment of experienced engineers or top-level administrators indicates their 
desirability. Market research in itself may be misleading because it is dif¬ 
ficult to get a reliable reaction from farmers as to the probable acceptability 
or potential applicaton of a proposed new type of machine with which they 
have had no experience. Hence, a considerable amount of experience and 
judgment is needed to arrive at an estimate for the sales potential. Other fac¬ 
tors, such as the engineering and economic feasibility of the proposed 
machine, are also considered in evaluating the project and deciding whether 
to undertake it. 

1.10. Determination of Functional Requirements and Fundamental 

Relations. In either industry or a public research agency, the next step in the 
development of a new machine is to establish a set of functional require- 
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ments or specifications. In other words, what must the machine do? Under 
what conditions is it expected to operate satisfactorily? The answer to the 
first question includes consideration of such factors as the optimum distribu¬ 
tion and placing of seeds by a planter, the desired effect of a tillage imple¬ 
ment upon the soil, or the required action and permissible tolerances of a 
harvesting machine in regard to recovery and quality of product. General ex¬ 
perience or field investigations and surveys may be involved in answering the 
second question. 

The assistance and recommendations of other technical groups (such as 
plant scientists, soil scientists, entomologists, and crop processors) are fre¬ 
quently needed in establishing the functional requirements. Oftentimes a 
compromise must be made between conflicting requirements or between 
ideal requirements and those attainable with a practical machine. 

Closely following this second step, and often directly associated with it, is 
a critical review and evaluation of existing information (or machines) and 
past experiences related to the problem. Fundamental relationships that 
might be of value in solving the problem should be determined, either by 
field investigations or by laboratory research. What characteristics of the 
plant, for example, can be utilized to advantage in accomplishing the desired 
end result? What limitations are imposed by plant or soil characteristics? 

1.11. Design and Development of Experimental Machine. At this point the 
engineer should accumulate ideas for several alternative solutions to the 
problem, using both imagination and logic and including ideas suggested by 
other people. All possibilities should be evaluated objectively and the most 
promising ones selected for further consideration. 

The first experimental designs are primarily functional and generally deal 
with machine elements rather than a complete machine, the chief objective 
being to test and develop (or discard) certain ideas or principles of operation. 
Although durability and the refinement of mechanical details are not impor¬ 
tant in these early models, except to the extent necessary to permit adequate 
functional testing, the mechanical and economic practicability of the ideas 
should be given increasing consideration as the development progresses. The 
ultimate objective is, of course, to be able to perform the specified functions 
satisfactorily with as simple and efficient a unit as possible. Several com¬ 
plete experimental units may need to be built and tested before a satisfactory 

design is evolved. 
The development program up to this point might be conducted by either a 

public-service agency or a manufacturing organization, but any further 
design and testing would always be done by a manufacturer. 

1.12. Design of Production Prototype Model. If the results from the 
development of the experimental unit are favorable and indicate that the 
machine has economic possibilities, a mechanically sound unit, suitable for 
commercial production, is designed. Consideration is given to factors such 
as forces involved, power requirements, inertia of moving parts, mass, 
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balance, durability, ease of servicing and adjusting, safety, comfort, com¬ 

pliance with industry standards, and costs. Close coordination is maintained 

between representatives of the engineering, production, and sales depart¬ 

ments regarding materials, fabrication procedures, and other factors con¬ 

tributing to the most economical manufacture of a machine that will per¬ 

form properly and give the required life with a minimum of repairs. 

Analytical design procedures are being employed to an increasing extent, 

although many noncritical structural members are designed by proportion 

or by comparison with other similar applications, because of the saving of 

time and the difficulty in predicting the extreme loads likely to be encoun¬ 
tered. 

A good design from the sales standpoint takes into consideration 

customer appeal and anticipated consumer prejudices. Simplicity, ease of 

operation, comfort and safety for the operator, attractive styling, and a 

general appearance that suggests capacity and ruggedness are factors that 

contribute to customer and operator appeal. 

1.13. Construction and Testing of Prototype Machines. If the machine 

represents a new development, it is customary to build a limited number of 

production prototype or pilot units. They may undergo tests and modifica¬ 

tions for several years before the design is placed in production. The 

prototype machines are generally built by experimental-shop methods but 

follow the proposed production design rather closely. These machines are 

operated by farmers in various geographical areas, preferably under a wide 

range of conditions, and their performance is checked periodically by field 

engineers and design engineers. Laboratory tests are also conducted to 

determine points of excessive stress and any other indications of possible 

durability shortcomings. Accelerated fatigue tests may be needed for certain 
critical parts. 

1.14. Manufacture of Production Model. The proposed production design 

is modified as required, based on the results of the field and laboratory tests 

of the prototype units and on suggestions of cost estimators, quality control 

people, manufacturing representatives, and others who have carefully 

reviewed the design. The final design is then released for production. 

Depending upon the nature and extent of the design changes made in this 

step, the complexity and type of machine, and the expected degree of 

variability in operating conditions, the manufacturer may decide to make a 

limited preproduction run of perhaps 25 to 50 machines the first year. Then, 

if serious mechanical or functional problems develop, there are com¬ 

paratively few machines to take back or rebuild. If the preproduction 

machines are a success, the design goes into full production the following 
year. 

Although this might be considered as the final step in the evolution of a 

machine, engineering problems still continue to manifest themselves in such 
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forms as desirable improvements, obtaining satisfactory life, the use of new 

and improved materials and fabrication methods to reduce costs, and expan¬ 

ded applications of the machine. 

1.15. Use of Electronic Computers. Both analog and digital computers are 

being used increasingly in farm machinery design, research, and teaching. 

The use of computers to solve complex design problems gives the engineer 

more time for creative thinking and productive engineering. The high speed 

of computer operation makes it possible to obtain answers for a greater 

number of design variations than would be feasible with manual calcula¬ 

tions, and to select the optimum combination of parameters. New, 

streamlined techniques of design and production may become feasible.25 

Theoretical analyses involving complex equations virtually unsolvable by 

manual means can be made with the aid of computers. 

An analog computer deals in quantities representing the magnitude of the 

problem variables. It is particularly well-suited to problems involving the 

solution of differential equations. Programming involves setting up 

mathematical equations that describe the physical system to be simulated. 

The output is usually a graphic display showing the relation of two variables. 

Accuracy is comparable with that from a slide rule. The operator can ob¬ 

serve the results as they are computed and can, if desirable, immediately 

make another run after adjusting some parameter. 

Examples of farm machinery problems solved with an analog computer 

are (a) determination of trajectories of broadcast fertilizer particles, (b) 

kinematic and dynamic studies of a universal joint in the classroom,27 and 

(c) analyzing and correcting a problem of instability under certain condi¬ 

tions with an existing tractor and semimounted plow.27 The analog is an ex¬ 

cellent classroom teaching tool, partly because the methods used to set up, 

program, and obtain a solution to the problem relate to both the 

mathematical description and the physical behavior of the system.27 

A digital computer deals with pure numbers and simple arithmetic and 

has storage and logic capabilities. It can solve many types of engineering 

problems in a short time with great precision. Highly complex problems are 

better suited to the digital computer than to the analog, particularly if they 

are repetitive. Programming differential equations is more involved for a 

digital computer than for an analog computer because any nonarithmetical 

problem must be transformed, through numerical analysis methods, into 

simple arithmetic steps before it can be programmed for a digital computer. 

However, many digital computer systems have available subprograms to 

perform integration, thus relieving the user of the task of writing his own in¬ 

tegration program. 
Digital computers have gained more rapid acceptance than analog com¬ 

puters in the farm equipment industry, perhaps partly because of the use of 

digital computers in payroll preparation and inventory accounting as well as 
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in engineering. Examples of problems on which digital computers have been 

used are (a) to establish empirical equations for soil-particle paths across ex¬ 

isting plow moldboards and determine acceleration rates along the paths, as 

a basis for theoretical analysis and comparing plow-bottom performances,1 2 3 4 

(b) as an aid in designing suspension systems and frame structures for large 

field machines,21 (c) to compute dimensions for various profiles of cams on a 

cotton-picker drum, so that a considerable number of profiles could be 

tested and compared,3 (d) in designing gears, and (e) to perform tedious 

calculations involved in statistical analysis of test data.3 

1.16. Standardization. Many ASAE standards, recommendations, and 

data documents, covering all fields of agricultural engineering, have been 

developed. Up-to-date versions of all these are included in each issue of 

Agricultural Engineers Yearbook, which is published annually by the 

American Society of Agricultural Engineers (ASAE) and automatically dis¬ 

tributed to all members. As the need arises, existing documents are revised 
or new ones developed. The 1977 Yearbook includes 44 standards, 16 rec¬ 

ommendations, and one data (Agricultural Machinery Management Data) 

that pertain to both implements and tractors or to implements alone. 

Certain types of ASAE standards and recommendations are developed 

jointly with the Society of Automotive Engineers or the Farm and Industrial 

Equipment Institute. ASAE standards and recommendations are all of the 

“consensus” type and their use is entirely voluntary. However, the degree of 

conformance among U.S. farm equipment manufacturers is high. Some of 

the objectives and advantages of standardization relating to farm tractors 

and implements are: 

1. To promote interchangeability between implements and tractors of dif¬ 
ferent makes and models. 

2. To promote safer operation of implements and tractors. 

3. To reduce the variety of components required to service the industry. 

4. To promote uniformity in the methods of specifying equipment 
capacities, sizes and ratings. 

Standards related to farm equipment have been developed by organiza¬ 

tions in many other countries. Some of these are quite similar to standards 

in the United States, but others impose considerably different requirements 

in various countries. These differences cause problems for U.S. manufac¬ 

turers who sell equipment in foreign countries. Attention is being given to in¬ 

ternational standardization through the International Standards 

Organizaton (ISO),24 although progress is slow. ISO is a nongovernment 

organization with consultative status to the United Nations. Membership is 

held by national standardization bodies of the member countries (American 

National Standards Institute, for the United States.) 

The farm machinery designer needs to be familiar with any ASAE or 
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foreign standards or recommendations pertinent to the project on which he 

is working. He should also be familiar with other applicable standards, such 

as those pertaining to materials or component parts. 

TESTING FARM MACHINERY 

1.17. Types and Planning of Tests. Farm machinery testing may involve 

determination of (a) functional performance characteristics, (b) power re¬ 

quirements for a machine or components, (c) stresses from static or dynamic 

loading, (d) durability, (e) wear rates, and (0 external forces acting upon a 

machine (such as soil forces on a tillage implement). Manufacturing 

organizations are concerned with all of these types. Tests conducted by 

public-service agencies such as state and federal experiment stations usually 

involve functional performance, power measurements, or determining the 

external forces acting on an implement. 
The nature of functional tests varies widely, depending upon the type of 

machine or implement under consideration and upon the test objectives. 

Functional requirements and some of the test methods are discussed in sub¬ 

sequent chapters that deal with specific types of machines. 

As with research, proper planning and careful execution of tests are of ex¬ 

treme importance. Whenever feasible, tests should be designed to permit 

statistical analysis of the results, as discussed in Section 1.7. This is impor¬ 

tant for accelerated durability tests in the laboratory as well as for functional 

field tests. 
1.18. Use of Strain Gages and Brittle Lacquers. Electrical-resistance 

strain gages, used with appropriate electronic instruments, have many ap¬ 

plications in farm machinery testing. The principal advantages are their 

small size (lengths as short as 3 mm), their direct attachment to the surface 

of the element being tested, and the ability to be used for dynamic strain 
measurements as well as for static measurements. High-frequency fluctua¬ 

tions in loads or stresses, such as cyclic torque variations in a rotary-power 

drive line, can be measured with appropriate, fast-responding instruments. 

An important use of strain gages is for determining stresses in structural 
members. To ensure that maximum stresses are evaluated, proper location 

and orientation of the gages on the test member are important. A brittle, 

strain-sensitive lacquer can be applied to the part in the preliminary step to 

study stress patterns and determine the proper locations for strain gages. 

The brittle lacquer coating, when strained beyond a predetermined value, 

cracks at right angles to the direction of the principal tensile strain. Lacquers 

are available with various strain ratings. Since these lacquers are quite sen¬ 

sitive to humidity, they are best used in a controlled-atmosphere room. 

After the locations and directions of the highest stresses have been es¬ 

tablished with the brittle lacquer, strain gages are applied and measurements 
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made under load. If the yield point of the material in the test member has 

not been exceeded, the stress at the strain-gage location is determined by 

multiplying the measured strain by the modulus of elasticity of the material. 

Strain gages are also employed as the sensing units in transducers such as 

torque meters for measuring rotary power, drawbar dynamometers, and 

pressure indicators. The principle of load determination with strain gages is 

to introduce the load into some member whose resulting deformation can be 
measured with one or more strain gages. Except for the simplest arrange¬ 

ments, calibration of a load-measuring device is usually required. 

Strain gages are sometimes applied directly to a machine member to 

measure the total load on the member, as on the plunger pitman of a hay 

baler. Dynamic torque can readily be measured by applying strain gages 

directly to a section of shaft or tubing on the machine, provided the torsional 

stiffness is not too great and the collector that connects the rotating strain- 

gage circuit to the stationary instrument circuit is of a type that has stable 

contact resistance. 

1.19. High-Speed Photography. High-speed motion-picture photography 

is a valuable aid in both farm machinery research and product development. 

The two principal types of applications are in studying the mechanical 

behavior of rapidly moving parts and in studying the behavior of crop 

materials passing through a machine at high speed. When film that has been 

exposed at 5000 frames per second is viewed at a normal projection speed of 

16 frames per second, the resulting time magnification is about 300 to 1. 

Slower exposure speeds can be used if less time magnification is needed. 

Because of the extremely short exposure times obtained in high-speed 

photography, special lamps must be used to obtain the extremely high level 

of illumination that is required. Timing may also be a problem. At a speed of 

5000 frames per second, a full 30-m roll of film will pass through the camera 

in 1 to 1V2 s and will be up to normal operating speed only during perhaps the 

last half of this period. If the event to be filmed occurs for only a short time 

(say '/) s) the operation of the camera must be accurately synchronized with 
the event. 

1.20. Public Testing Agencies.12 Public testing of farm machinery and/or 

tractors is being done by at least 25 agencies in more than 20 countries. The 

British National Institute of Agricultural Engineering (NIAE) has operated 

as a public farm machinery testing agency for many years. The oldest such 

agency in the world is the Agricultural Machinery Testing Institute at Up¬ 

psala, Sweden. These are probably the two best known farm machinery test 

agencies. Tests are voluntary in both countries — that is, there is no require¬ 
ment for tests before equipment can be sold. 

The NIAE tests are primarily functional, including power measurements. 

A fee is charged for all tests, and reports are published only at the option of 

the manufacturer. The manufacturer cannot advertise or otherwise indicate 
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that the NIAE recommends or endorses any machine tested. The Swedish 

Institute carries out extensive field trials for both functional and durability 

evaluation. No fee is charged for testing production models, but a report is 

automatically published as soon as a machine is placed on the open market. 

For a fee, the Swedish Institute will undertake the confidential evaluation of 

a machine during its development stage, publishing the report only if the 

manufacturer so desires. 

The evaluation technique used by most public testing agencies makes use 

of a standard or baseline reference machine selected on the basis of its pop¬ 

ularity. Each machine tested is compared with the standard machine by con¬ 

ducting concurrent tests under identical conditions. Some agencies, 

however, make comparative evaluations by concurrently testing a group of 

machines of the same class. This procedure permits valid comparisons only 

within the group. 

Tests by public agencies provide reliable data obtained on a controlled 

basis by impartial observers. This information is useful to both the consumer 

and the design engineer. 

1.21. Test Programs in Industry. In any test program of a farm machinery 

manufacturer, the ultimate objectives are to provide information needed for 

design and to prove completed designs or discover weaknesses so they can be 

corrected. Although the final proof of a design must come from field tests 

and field experience, laboratory tests are assuming an increasingly impor¬ 

tant role in farm machinery development programs. When a laboratory test 

for either a complete machine or a component can be designed to essentially 

duplicate field loading and pertinent environmental conditions, a great deal 

of time can be saved and development costs are reduced. 

Laboratory tests are conducted under controlled conditions that permit 

repetition of tests with reasonably good reproducibility of results. 

Laboratory tests provide quick comparisons between different designs, and 

the results are immediately available to all concerned persons. Accelerated 

durability tests can be conducted 24 h per day if necessary, and testing is not 

limited to certain seasons of the year as is the case with most field tests. 

Field testing involves functional and physical testing of complete 

machines under varying and essentially uncontrolled conditions of crop, soil, 

weather, and terrain, but with the machines doing the work they were 

intended to do. In the early stages of development, tests of an experimental 

machine may be confined to a limited number of field conditions in order to 

reduce the number of variables. But as the development progresses, the 

scope of the tests is expanded to include a wide range of expected operating 

conditions. The main purposes of field testing by a manufacturing organiza¬ 

tion are: 

1. To check the functional design of a machine or machine elements. 

2. To establish normal and peak power requirements. 
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3. To obtain information on durability of the complete machine and 

machine elements. 

4. To provide stress and load data for the various machine elements as a 

basis for future rational design and as a guide for accelerated 

laboratory tests. 

Experimental stress analysis in the laboratory is a powerful tool that is be¬ 

ing used increasingly in farm machinery design. In many cases, structural 

members are statically indeterminate or the loads are not known, so reliable 

calculation of stresses is impractical or impossible. By simulating maximum 

or exaggerated field loads and employing strain gages and brittle lacquers as 

discussed in Section 1.18, maximum stresses and locations of stress concen¬ 

trations can be determined. Design modifications, if necessary, can then be 

made immediately without waiting for time-consuming and costly field ex¬ 

perience to expose the problems. Overdesigned parts are also revealed, thus 

permitting a more economical design in some cases. Stress values deter¬ 

mined under normal loading can be used to predict fatigue life by referring 

to the S-N fatigue curves* for the particular material involved. 

The laboratory lends itself particularly well to comparative functional 

testing of machine components such as the threshing cylinder or the cleaning 

shoe on a combine or the cutterhead on a field chopper. High-speed 

photography is often employed in tests of this nature. Although the results 

may not be comparable with those from field tests, they can indicate trends 

and thus be of great value in developing components. By storing crop 

materials needed for a particular type of test, the test period can be extended 
beyond the field season. 

Determination of the uniformity of seed distribution from a planter is an 

example of a functional test that can be performed more reliably in the 

laboratory than in the field. With some types of complete machines, 

preliminary functional tests in the laboratory prior to the field-testing season 
can save time in the development program. 

1.22. Accelerated Durability Tests. One of the major objectives in 

laboratory testing by farm machinery manufacturers is to obtain informa¬ 

tion on durability of machines or components in as short a time as possible. 

To do this it is necessary to develop laboratory equipment and test 

procedures that will essentially duplicate field operating conditions in regard 

to the magnitude and distribution of loads and stresses and in some cases the 

frequency of stress peaks, and in regard to pertinent environmental condi¬ 
tions such as dust, water, etc. 

One of the problems in laboratory durability testing is correlating the 

laboratory results with field experience. To be valid, laboratory tests must 

always be based on actual field conditions, as determined by field measure- 

*An S-N curve for a material shows fatigue life, in number of stress cycles, as a function of 
the average stress. 
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ments. However, because of the extremely variable conditions encountered 

in many field operations, it is sometimes difficult to accurately establish rep¬ 

resentative load conditions. It is also almost impossible to duplicate all perti¬ 

nent field conditions in the laboratory. The usual method of establishing a 

correlation is to compare laboratory results and field experience with an ex¬ 

isting production model that is similar to the new model and has been in the 

field for several years. 

Many farm machinery manufacturers have rigid-surfaced test tracks, 

usually of concrete, with built-in bumps having various shapes and spacings. 

These tracks are used in accelerated structural durability tests of complete 

machines. Different sections of a track may have bumps all the way across, 
bumps staggered for the right-hand and left-hand wheels of the machine be¬ 

ing tested, or bumps only along one side of the track. 

A test track provides a means of duplicating stresses produced in a 

machine as a result of its movement over the ground in normal field work. 

To establish the stresses to be developed in the track test, it is necessary to 

determine the normal and peak stresses developed in critical members dur¬ 

ing actual field operation, usually with strain gages. The only variables in 

track testing are the choice of existing bump pattern to use (if more than one 

pattern is available) and the forward speed. The speed is adjusted to produce 

a strain pattern that is essentially the same as that produced in field opera¬ 

tion. 

Accelerated results are obtained by using a higher frequency of loading 

than in field operation (more bumps per minute) and by continuous opera¬ 

tion. Durability is established in terms of the total number of stress cycles. 

With a properly designed and properly used test track, it is possible tombtain 

dependable results in one month that would require 2 or 3 years of field 

testing15 and might represent 8 to 10 years of normal field operation. 
Many ingenious devices have been developed by test engineers for ac¬ 

celerated laboratory testing of the power-transmission systems on complete 

machines and of machine elements. In testing rotary-power drive compo¬ 

nents, stress peak magnitudes and frequencies are important and must be 

simulated in the test setup. Bearings, chains, and other drive components 

that operate in the open may need to be tested in a dust box, water bath, or 

other adverse environment. In many cases the only reduction in overall test 

time, as compared with field tests, comes from continuous operation. For 

wear, however, test acceleration factors up to 2 (i.e., 1 h of laboratory time 

= 2 h of field time) have been found satisfactory.15 

HUMAN FACTORS IN DESIGN 

1.23. Factors Involved in Man-Machine Relationships. Technological ad¬ 

vances have greatly reduced man’s physical burdens through the use of 
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machines, but man’s mental work has been increased. The person who 

operates modern farm equipment must make many decisions and perform 

many functions to use the machines properly. The demand for more deci¬ 

sions may result in mistakes that lead to serious accidents. 

Research has shown that several environmental variables and machine 

characteristics can materially affect a person’s performance when operating 

a machine. Among these are air temperature and humidity, air purity 

(freedom from dust and other pollutants), noise level, vibration, seat design, 

arrangement of work space, placement of controls and instruments, the 

shape and coding of controls, the amount of physical effort required for con¬ 

trols, and overall visibility of the machine components and functions that 

need to be watched. Some of these are discussed, in relation to tractor 

design, in the textbook, Tractors and Their Power Units.1 

In addition to the above factors, there are other man-machine 

relationships that do not necessarily affect the operator’s comfort or ef¬ 

ficiency but are directly associated with safety. Some of these are discussed 
in Section 1.24. 

Although human factors are of greatest concern in tractors and 

self-propelled implements, the farm machinery designer should consider 

man-machine relationships for every machine or implement with which he is 

involved. Design engineers need not necessarily become human factors ex¬ 

perts, but they must be aware of human factors concepts to avoid creating 

hidden sources of man-machine conflicts. Some farm equipment manufac¬ 

turers include a human factors engineer or a safety engineer on the develop¬ 

ment team for a machine and some others have separate groups. 

Equipment designed with the proper application of human factors princi¬ 

ples can result in increased efficiency and productivity, decreased operator 

effort, increased reliability, improved safety, improved flexibility, increased 
comfort, and better operator and consumer acceptance.2 

Basically, the factors that are likely to affect the operator’s efficiency and 

productivity are related to comfort, convenience, and visibility. The increas¬ 

ing use of enclosed cabs on grain combines and some other self-propelled 

machines, as well as on tractors, is one way of improving comfort. These 

cabs provide partial isolation from noise, have comfortable seats designed to 

reduce the effects of vibration and bumps, and are equipped with blowers 

that pressurize the cabs with filtered air. Heaters and/or air conditioners are 

usually available. Although cabs improve man-machine relations in regard 

to comfort, they introduce a new problem, particularly in grain combines, by 

isolating the operator from sensory indications of trouble. 

In the usual farm situation, an operator is likely to use a number of dif¬ 

ferent kinds and makes of tractors and self-propelled machines, often in¬ 

terchangeably. Both convenience and safety are improved if the motions, 

general locations, and identifications of operator controls are standardized. 
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Progress has been made toward this end by the adoption of ASAE standards 

that provide guidelines for the location and direction of motion of operator 

controls on tractors and self-propelled machines and establish a 

recommended system of universal symbols for identifying operator controls 

on agricultural and industrial equipment. 

Power steering on self-propelled machines and powered controls for 

machine adjustments minimize the physical effort needed to operate a 

machine and thus reduce operator fatigue. 

Visibility is an important consideration in designing a self-propelled 

machine such as a grain combine. The designer should determine what parts 

of the machine and surroundings the operator needs to see and the frequency 

ad degree of visibility required in each situation. He should then design and 

ideate the operator’s station to best meet these needs, considering operator 

convenience and man’s visual limitations. Instruments should be located so 

that those most frequently observed require the least amount of transfer of 

vision from the normal line of sight. 

1.24. Product Safety. The development of increasingly complex machines 

and an increasing social awareness of accident prevention has made product 

safety a dominant consideration in the design of farm tractors and imple¬ 

ments. Product safety represents a great challenge for farm equipment 

manufacturers. No other industry produces equipment to be used under con¬ 

ditions more difficult to control." The farmer-operator is a free agent. He 

operates his equipment under a wide variety of conditions, where, when, and 

how he chooses. He may or may not use safeguards provided by industry, as 

he sees fit. 
The designer is faced with the task of optimizing design and operator in¬ 

structions to achieve the greatest possible assurance that the operator will 

voluntarily respond to the opportunities for safe practice. Safety warning 

signs are considered an integral part of the design and should highlight, 

mark, or otherwise identify all hazardous locations. The designer must avoid 

covering a machine so thoroughly with protective shields that accessibility 

for servicing and adjusting is sacrificed. Otherwise, the shielding is likely to 

be removed and not replaced. 
Product safety is closely related to man-machine relationships and to 

man’s physical, physiological, and psychological limitations. The more ef¬ 

ficient and trouble-free a machine can be made, the safer it will be. The 

fewer times an operator has to leave his seat to correct some functional or 

mechanical problem, the less chance there is of injury. 
Some of the most common safety problems with which farm machinery 

designers need to be concerned are: 

1. Protection from moving parts, particularly power-transmission com¬ 

ponents. 
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2. Unshielded functional components. Some components, such as a 

mower sickle or the snapping rolls on a corn picker, are incompatible 

with shielding. 
3. Protection against falls from elevated areas (provide rails). 

4. Proper design of ladders and steps. 
5. Minimizing exposure of the operator to agricultural chemicals while 

filling or using application equipment. 

6. The relation of human reaction time to the design and effectiveness of 

emergency safety controls. 
7. Warning systems for use when moving an implement on public roads. 

An ASAE standard for safety lighting has been adopted. An emblem 

to identify slow-moving vehicles has been developed and stan¬ 

dardized, and is a legal requirement in many states. 

With product design and testing as its base, product safety also involves 

accident analysis, alertness to the need for specific changes, development of 

industry standards, dealer and customer education, research, and field 

modifications when needed. Each manufacturer should continually strive for 

the highest possible degree of machinery safety consistent with the require¬ 

ments of acceptable machine functions and increased cost. The engineer 

should keep abreast of new technological developments used in other in¬ 

dustries and should apply them when appropriate. 
Federal legislation on occupational safety and health, enacted in Decem¬ 

ber, 1970, will have a continuing significant impact on product safety. 

Agricultural equipment manufacturers, as well as others, are expected to 

comply with Federally enforced standards and regulations promulgated un¬ 

der the legislation. Practical and economically sound safety standards can 

best be developed by the farm equipment industry in cooperation with the 

appropriate Federal agency. Agricultural engineers have made considerable 

progress in developing safety standards, with 11 ASAE standards and 2 

ASAE recommendations pertaining to safety for farm implements and/or 

tractors included in the 1977 Agricultural Engineers Yearbook. 

Even without legislative regulations, safety standards are an important 

part of an industry-wide product safety program. However, the engineer 

should recognize that standards are generally a compromise covering a 

broad range of variables and tending to oversimplify the problems. The 

designer should not forget the mission objectives in safety, and should regard 

standards as minimal requirements. 

Product liability is a growing force in promoting product safety in all con¬ 

sumer industries. Lawyers and judges, through court decisions, are con¬ 

tinually establishing the law regarding product liability. Court decisions 

have established that there is manufacturer’s liability for negligent design 

or defective products that cause injury. A defective product is one that is not 

reasonably safe for the reasonably foreseeable uses.17 
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Some of the kinds of negligence that may result in a defective product and 

manufacturer’s liability for personal injury are17 (a) true drawing-board 

design errors, (b) failure to install adequate safety devices, (c) employment 
of safety devices that fail in use, (d) construction from unsafe or unsuitable 

materials, (e) failure to plan for unintended but reasonably foreseeable use 

or misuse, (0 failure to foresee improper maintenance, and (g) negligent 
failure to warn customers of hazards. 
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2 
Implement Types, 
Field Capacities, and Costs 

2.1. Introduction. Although the First requirement of a machine is that it be 

able to perform its intended function satisfactorily, the management and 

economic aspects of the machine application are also of great importance. 

In fact, the engineer soon Finds that his approach to a farm machinery design 

problem is largely controlled by economic considerations. To work most ef¬ 

fectively, he should have a thorough understanding of the factors affecting 

Field capacities and of the economic principles governing the costs of owning 
and operating Field machines. 

2.2. Types of Implements. In this chapter and throughout the entire text, 

reference is made to four general types of Field implements, based upon their 

relation to the power unit. These are defined and discussed in the following 
paragraphs. 

A Pull-type or trailed implement is one that is pulled and guided from a 

single hitch point and is never completely supported by the tractor. 

A mounted implement is one that is attached to the tractor through a 

hitch linkage in such a manner that it is completely supported by the tractor 

when in the raised position. The linkage usually provides rotational stability 

about the longitudinal axis and it permits depth or height control by vertical 

support from the tractor, if desired, while the tool is in the operating posi¬ 

tion. 

A semimounted implement is attached to the tractor through a horizontal 

or nearly horizontal hinge axis and is partially supported by the tractor, at 
least during transport, but is never completely supported by the tractor. In 

the usual situation the hinge axis is transverse at the rear of the tractor and 

the hitch provides rotational stability about the longitudinal axis. The imple¬ 

ment may respond directly to tractor steering, but if a vertical hinge axis is 

superimposed on the horizontal axis (as on large, semimounted plows), the 

rear of the implement is guided by its own wheel or wheels. 

A self-propelled machine is one in which the propelling power unit is an 

integral part of the implement. 

2.3. Mounted and Semimounted Implements. Mounted or semimounted 

equipment is basically less expensive than equivalent pull-type equipment. 

The support wheels and accompanying frame structure required on pull-type 

implements are eliminated, and a single depth or height control system, 

23 
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which is part of the tractor, serves for all or most of the mounted and 

semimounted implements used with any one tractor. Maneuverability, 

visibility, ease of transport, and the advantages gained by draft sensing and 
vertical-load transfer through the control system make mounted implements 

popular. Standardization of the three-point hitch and quick-attaching 

couplers, to permit interchangeable use of different makes of equipment, has 

made attaching and detaching of mounted and semimounted implements a 

simple and easy operation. 

The physical size and mass of equipment that can be mounted on the rear 

of a tractor and fully supported by it are limited by the carrying capacity of 

the tractor chassis and by transport stability limitations of the combination. 

Semimounting, in which the tractor carries only part of the mass, overcomes 

these limitations and still retains the advantages of maneuverability, lower 

investment cost, and the ability to utilize the tractor’s draft-sensing system. 

Semimounting, in preference to full mounting, is particularly appropriate 

for moldboard plows having more than 4 or 5 bottoms, because their mass 

and great length would produce an excessive moment on the tractor, thus 

causing instability during transport. 

2.4. Self-propelled Machines. Over 95% of the grain combines sold in 

1969 and over 90% of all windrowers for either hay or grain were self- 

propelled units. Most cotton pickers are self-propelled and increasing per¬ 

centages of several other types of harvesting equipment are self-propelled. 

In comparison with pull-type units, self-propelled machines tend to 

provide more flexibility and better maneuverability, better visibility and con¬ 

trol by the operator, and improved mobility. With field harvesting equip¬ 

ment, field opening losses are minimized because the cutting or gathering 

unit is across the front of the machine rather than projecting to one side. The 

principal disadvantage is the greater initial investment, which means that a 

self-propelled machine must have a relatively large annual use to be 

economically comparable with a pull-type machine. 

One approach to the problem of reducing per-hectare costs of self- 

propelled machines for small areas and increasing their versatility is to 

provide a self-propelled carrier consisting of a skeleton frame or chassis 

equipped with a power unit and controls, upon which various types of har¬ 

vesting units or other equipment can be mounted. The interchangeable 

machine bodies might include a combine, corn picker, field chopper, hay 

baler, cotton picker, and perhaps others. Considerable engineering ingenuity 

is required to provide a carrier that will accommodate such a variety of 

machines and properly satisfy their basic requirements. There has been some 

interest in this type of machine since the late 1940s, and at least one self- 

propelled carrier with several interchangeable machine bodies is commer¬ 
cially available.19 
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FACTORS AFFECTING FIELD CAPACITY 

2.5. Terms Related to Field Performance of Machines. The rate at which a 

machine can cover a Field while performing its intended function is one of the 

considerations in determining the cost per unit area for the operation. 

The theoretical field capacity of an implement is the rate of Field coverage 
that would be obtained if the machine were performing its function 100% of 

the time at the rated forward speed and always covered 100% of its rated 
width. 

The theoretical time per hectare is the time that would be required at the 
theoretical field capacity. 

Effective operating time is the time during which the machine is actually 

performing its intended function. The effective operating time per hectare is 

greater than the theoretical time per hectare if less than the full rated width 
is utilized. 

The effective field capacity is the actual average rate of coverage by the 

machine, based upon the total field time as defined in Section 2.6. Effective 

field capacity is usually expressed as hectares per hour [acres per hour]. 

Field efficiency is the ratio of effective field capacity to theoretical field 

capacity, expressed as percent. It includes the effects of time lost in the field 
and of failure to utilize the full width of the machine. 

Performance efficiency is a measure of the functional effectiveness of a 
machine, as for example, the percent recovery of usable product by a har¬ 
vesting machine. 

2.6. Effective Field Capacity. The effective field capacity of a machine is a 
function of the rated width of the machine, the percentage of rated width ac¬ 

tually utilized, the speed of travel, and the amount of field time lost during 

the operation. With implements such as harrows, field cultivators, mowers, 

and combines, it would be practically impossible to utilize the full width of 

the machine without occasional skips. The required amount of overlap is 

largely a function of speed, ground condition, and the skill of the operator. 
In some cases the yield of a crop may be so great that a harvesting machine 

cannot handle the full width of cut, even at the minimum forward speed ob¬ 
tainable. 

The rated width of implements with spaced functional units, such as row- 

crop planters or cultivators, grain drills, and field cultivators, is the product 

of the number of units (rows, grain-drill furrow openers, or cultivator stan¬ 

dards, for example) times the spacing of the units. In other words, the rated 

width is assumed to include one-half space beyond each outside unit. Row- 

crop machines utilize 100% of their rated width, whereas open-field imple¬ 

ments with spaced functional units are subject to losses from overlapping. 

The maximum permissible forward speed is related to such factors as the 

nature of the operation, the condition of the field, and the amount of power 
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available. With harvesting equipment, the limiting factor may be the max¬ 

imum rate at which the machine can effectively handle the crop. Typical 

operating speeds are included in Appendix B. 

Lost time is the most difficult variable to evaluate in relation to field 

capacity. Field time may be lost as a result of adjusting or lubricating the 

machine, breakdowns, clogging, turning at the ends, adding seed or fer¬ 

tilizer, unloading harvested products, waiting for crop transport equipment, 

etc. In relation to effective field capacity and field efficiency, as defined and 

discussed in this chapter, lost time does not include time for setting up or 

daily servicing of the equipment or time lost due to major breakdowns. It 

does include time for minor repairs in the field and for any lubrication re¬ 

quired in addition to the daily servicing, as well as the other items mentioned 

above. The total field time is considered to be the sum of the effective 

operating time plus the lost time. 
Time spent in traveling to and from the field is usually included in figuring 

the overall cost of an operation, but is not considered in determining effec¬ 

tive field capacity or field efficiency because the machine should not be 

penalized for the geographical location of the enterprise. 

The effective field capacity of a machine may be expressed as follows: 

SW Ef 

10 x 100 
(2.1) 

[C = 
5280 S X W Ef 

43,560 X 100 

SW w Ef 

8.25 X 100 ] 

where C = effective field capacity, in hectares per hour [acres per hour] 

S = speed of travel, in kilometres per hour [miles per hour] 

W = rated width of implement, in metres [feet] 

Ej- = field efficiency, in percent 

Renoll18 suggests predicting effective field capacities on the basis of total 

minutes per hectare, which is the sum of the theoretical time per hectare plus 

the time per hectare required for turns plus the time per hectare required for 

“support functions.” He classifies all items of lost time other than turning as 

support functions; these are evaluated or estimated individually and then 

totaled. 

2.7. Time Losses in Turning. Turns at the ends or corners of a field repre¬ 

sent a loss of time that is often of considerable importance, especially for 

short fields. Regardless of whether a field is worked back and forth, laid out 

in lands, or worked by traveling around the perimeter, the total number of 

turns per unit of area with a given width of implement is inversely 

proportional to the length of the field. For a given rectangular field, worked 

either in the long direction or around the field, the required total number of 
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round trips (exclusive of opening or finishing lands as in plowing) would be 

the same for any of the three methods. Working back and forth requires two 

180° turns per round, whereas either of the other methods involves four 90° 
turns per round trip. 

The time required for turns in back-and-forth operations, as in row crops, 

is also influenced by irregular field shapes, the amount of turning space in 

the headlands, the roughness of the turning area, and the implement width. 

Renoll,16 in an 8-year study with 1-row, 2-row, and 4-row equipment (102- 

cm [40-in.] row spacing), found that turning times were typically 12 to 18 s 

per turn when the turning areas were smooth, but were 10 to 30% greater 

when the areas were rough. The time per turn was increased as much as 50% 

if the turning areas were so narrow that the tractor had to be backed during 
each turn. 

The time per turn on smooth headlands averaged about 5% greater with a 

4-row planter or cultivator than with a 2-row unit.16 The difference was 20 to 

25% on rough headlands. In tests involving wider implements, Barnes and 

his associates3 found that times per turn averaged 40 to 50% greater for 6- 

row cultivators and planters than for 4-row units. 

Renoll15’17 suggests employing a factor that he terms “field machine in¬ 

dex” to indicate how well a particular field is adapted to row-crop opera¬ 

tions. He defines this index as the percentage ratio of (effective operating 

time) 4- (effective operating time + turning time). Comparative index 

values for different fields are determined by actual time studies with the 

same machine. His tests indicate that the field machine index for a particular 

field tends to be about constant for various row-crop operations. 

Idle travel across the ends of a field represents another loss that is often 

unavoidable and is particularly important where wide lands are laid out in 

short fields. If w is the total width of each land (i.e, width of each area 

worked out as a unit), the average theoretical distance across each end is Vi 

w. Then, if the length of the field is L, the average total travel per round is 2L 
+ w and the percentage of idle travel distance is 

w 

2 L + w 
x ioo 

Dividing numerator and denominator by w gives 

100 

(2 L/w) + 1 
(2.2) 

In actual practice the maximum travel across the end of a land would be a 

little greater than w, and the minimum travel as the land is narrowed down 

would be limited by the turning radius of the machine or tractor. Thus, in 

computing /, a value of w somewhat greater than the width of the land 

should be assumed. 
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2.8. Time Losses That Are Proportional to Area. Some time losses, such 

as those from rest stops and adjusting or checking the equipment, usually 

tend to be proportional to the effective operating time (or to total field time) 

as the operating speed or implement width is increased. Idle travel across the 

ends tends to be proportional to effective operating time if the normal 

operating speed is maintained across the ends. 
Other time losses, such as those caused by field obstructions, clogging, 

adding fertilizer or seed, and filling spray tanks, often tend to be more nearly 

proportional to area than to operating time. The time per hectare for back- 

and-forth turns in row-crop operations tends to remain about constant (or 

decrease only slightly) as the operating speed is increased, because the speed 

is usually reduced for turning unless normal operating speeds are low. Time 

losses due to the unloading of harvested crops tend to be proportional to the 

yield as well as the area. 
Time losses that tend to be proportional to area become increasingly im¬ 

portant as the width or speed of an implement is increased, because they 

then account for a greater percentage of the decreased total time per hectare. 

Thus, changing from a 4-row planter to a 6-row planter at the same forward 

speed may increase the output by only 30% instead of 50%. 

The relative importance of interruptions proportional to area may be 

determined from the following equation, which is based on the definition of 

field efficiency. 

Ef= 100 
Te + Th + Ta 

(2.3) 

where TQ = 

T = e 
K = 

Th = 

Ta = 

theoretical time per hectare [per acre] 

effective operating time = T0 X 100/K 

percentage of implement width actually utilized 

time lost per hectare [per acre] due to interruptions that are not 

proportional to area. At least part of Th usually tends to be 

proportional to Te. 

time lost per hectare [per acre] due to interruptions that tend to 

be proportional to area 

In actual practice, the relations between many types of time losses and ef¬ 

fective operating time or area fall somewhere in between the extremes repre¬ 

sented by Th and Ta. As indicated in Section 2.7, the time per turn for row- 

crop planting or cultivating increases somewhat as the implement width is 

increased, so that turning time for the wider unit is a higher percentage of 

the total time but usually a smaller amount per hectare. Filling seed hoppers, 

when only a small amount of seed per hectare is needed, may require less 

time per hectare for a wide planter than for a narrower one because the time 

required to dismount from the tractor, walk to the hoppers, and return 
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would be about the same for both sizes and would be a significant percentage 

of the total time lost in adding seed. 

2.9. Time Losses Related to Machine Reliability. The probability of 

equipment breakdowns, with resultant loss of field time, is inversely related 

to machine reliability. Success reliability may be defined as the statistical 

probability that a device will function satisfactorily under specified condi¬ 

tions during a given period of time. For example, if a device has a 1000-h 

success reliability of 90%, an average of 10% of the devices will fail within 

1000 h and 90% will have a life exceeding 1000 h. Another way to express 

success reliability is as the mean time interval between failures. 

The reliability of a combination of components or machines is the product 

of the individual reliability factors. The expected percent reliability for a 

combination of n items is 

y 100 
(xj(x2)(xj....(xn) 

100” 

(2.4) 

where xp x2, x3, .... xn, are the expected reliabilities of the individual devices, 
in percent. It should be noted that reliabilities indicated by equation 2.4 are 

only the statistically expected values. The reliabilities of individual units of 

any specific type vary widely from the expected values. The expected 

reliability and the variability factor may be determined statistically from ob¬ 

servations of a group of individual units.14 
A complex machine such as a combine has a far greater chance of failure 

than a simple machine, even though the success reliability of all its individual 

components may be high. For example, a machine with only 10 parts, each 

having a success reliability of 97% for a given time period, would have an 

overall reliability of only 74%. Although design is the main factor in success 

reliability, manufacturing procedures and the manner in which the equip¬ 

ment is maintained and used are also important." Optimum design is a com¬ 

promise that balances the cost of obtaining high reliability against the 

benefits of minimizing the failure frequency. 
A survey of over 1500 farmers in Indiana and Illinois" indicated that 

success reliability was not greatly influenced by age of either complex or 

simple machines. In this survey, reliability was based upon random, un¬ 

predictable breakdowns and did not include the effects of normal wear. On 

the average, there was a 60 to 80% probability of having one or more 

breakdowns per year, starting with the first year of a machine’s life. For 

those machines having breakdowns, the average loss of field time per year 

usually was more than 8 h for combines, 3 to 6 h for corn pickers, 1 to 4 h for 

plows, and less than 2 h for row-crop cultivators and planters. The major 

time losses typical of breakdowns with complex harvesting equipment may 

represent serious economic losses because of timeliness. 
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The time-use reliability of individual machines becomes increasingly im¬ 
portant when several machines or machine units are used in combination. 
For an individual implement, a 5 or 10% time loss from breakdowns, adjust¬ 
ments, clogging, or other stops related to the machine is generally not con¬ 
sidered serious. But if 4 such units, each with a time-use reliability of 90%, 
are used in series, the expected overall time-use reliability of the combina¬ 
tion is reduced to 66%. Time-use reliability, as discussed in this section, is 
based on the effective operating time and the time lost from stops required 
for the individual machines in the combination. Time losses due to turning, 
rest stops, Filling seed or fertilizer hoppers, and the like would be about the 
same regardless of the number of machines, but must be included in deter¬ 
mining the Field efFiciency of the combination. 

Because of the reduced reliability with a combination of machines, 
preventive maintenance becomes relatively more important than when only 
a single machine is used. All machines in a combination should be able to 
operate the same length of time between servicings, and the capacities of 
various units should be reasonably well matched. 

2.10. Determining Time Losses and Field Efficiencies. Times studies have 
been made by a number of investigators to determine Field efficiencies and 
provide information for operations analysis. Detailed time studies involve 
continuous observation and timing of each activity involved in the Field 
operation, for one or more full-day periods. If K = 100%, the Field efFiciency 
is the percentage of the total Field time during which the machine was ac¬ 
tually performing its function, and may be determined directly from the time 
data. 

An example of a detailed time study for a one-row cotton picker17 is pre¬ 
sented below. The observed times have been reduced to a per-hectare basis. 

Activity Minutes per hectare 

Turn at row ends 6.4 
Dump basket 11.4 
Clean machine 5.7 
Idle travel 2.7 
Travel to and from wagon 8.9 
Pack basket 5.2 
Other down time 1.7 
Actual picking 89.0 

Total time per hectare 131.0 

From these results, the field efficiency is 

Ef = 100X 89.0/131.0 = 68% 
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If only the field efficiency is desired from a field study, this can be ob¬ 
tained by observing the total field time for one or more days, the average 
speed while the implement is actually performing its function, the total area 
covered, and the rated width of the machine. The actual average rate of 
coverage can then be related to the theoretical field capacity to determine 
the field efficiency (equation 2.1). 

The results of field studies by various investigators have been analyzed 
and summarized,8 yielding typical field-efficiency values, as follows: 

Most tillage operations (plowing, disking, 
cultivating, etc.) 75-90% 

Drilling or fertilizing row crops or grain 60-80% 
Drilling and fertilizing row crops or grain* 45-65% 
Combine harvesting 65-80% 
Picking corn 55-70% 
Picking cotton (spindle-type picker) 60-75% 
Mowing hay 75-85% 
Raking hay 75-90% 
Windrowing hay or grain with self-propelled 

windrower in field with irrigation levees 65-80% 
Windrowing hay or grain with self-propelled 

windrower in field with no levees 75-85% 
Baling hay (bales discharged onto ground) 65-80% 
Baling hay (with bale wagon trailed behind) 55-70% 
Field chopping 50-75% 
Spraying* 55-65% 

2.11. Improving Field Efficiencies. As field machines become more com¬ 
plex and expensive, it is increasingly important to obtain maximum output 
from them. Minimizing lost time in the field is one way to improve the field 
capacity. Engineers can contribute to high field efficiencies by designing 
machines that have maximum reliability and minimum service require¬ 
ments. 

Time studies often indicate potential areas of improvement in machinery 
management. An excessive amount of turning time may suggest the need for 
improving the condition or width of the headlands or changing the turning 
pattern. Excessive down time may mean that a better system of preventive 
maintenance is needed. 

The development of more efficient equipment and systems for handling 
materials in the field offers considerable potential for increasing field 
efficiencies.2,17 Seed, fertilizer, herbicides, insecticides, and other materials 
must be transported to the field and loaded onto field machines. Harvested 

♦Based on reference 5 and other sources. 
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products must be discharged and hauled to storage areas. In planting¬ 
fertilizing operations, handling bagged materials in the field can easily oc¬ 
cupy 25% of the total field time. Bulk handling of dry fertilizers, or the use of 
liquid fertilizers and transfer pumps, could substantially reduce the 
materials handling time and thus increase the field efficiency.2 Renoll18 
found that changing the method of handling water for the pre-emergence 
chemical in a particular planting operation increased the planter capacity 
from 1.4 ha/h to 1.6 ha/h. 

COST OF USE 

2.12. Cost Factors. The total cost of performing a field operation includes 
charges for the implement, the tractor power utilized, and labor. Implement 
and tractor costs are divided into two categories — fixed costs and variable 
or operating costs. Fixed costs are related to machine ownership and occur 
regardless of whether or not the machine is used. Fixed costs per hour are in¬ 
versely proportional to the amount of annual use. Operating costs are di¬ 
rectly related to the amount of use and include repairs and maintenance, fuel 
and lubricants, and servicing. Depreciation is a fixed cost if the machine life 
is determined by obsolescence or if the machine is arbitrarily fully 
depreciated before it wears out (as for tax purposes). But, if based on the 
operating time required for the machine to wear out, depreciation becomes a 
variable cost. 

As mentioned in Chapter 1, farm machinery is characterized by low an¬ 
nual use. Surveys have indicated that, considering the United States as a 
whole, the average annual use of most field machines (excluding tractors, 
trucks, and wagons) seldom exceeds 15 full days. Machines such as com¬ 
bines, balers and other hay harvesting equipment, and perhaps corn pickers, 
may be used as much as 20 to 40 days per year. Because of the limited an¬ 
nual use, fixed costs often represent a large part of the total machine costs, 
particularly for the more expensive types of equipment. 

2.13. Depreciation. Depreciation is the reduction in value of a machine 
with the passage of time. In the usual situation, with field machines being 
operated only a few days per year, obsolescence is the most important factor 
affecting depreciation. A machine may become obsolete because of the 
development of improved models, changes in farm practices, etc. Where a 
machine has a relatively high annual use, as on many of the larger farms in 
the western states and with custom operations, wear becomes the predomi¬ 
nant factor in determining the useful life. 

Among the various systems employed in calculating depreciation are the 
straight-line, declining-balance, estimated-value, and sum-of-the-years- 
digits methods. These are described and compared in references 5 and 12. 

If the average cost of machine use during the machine’s entire useful life is 
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desired, the straight-line method is the most practical and the most common. 
It is the simplest method and gives a constant annual charge for depreciation 
throughout the life of the machine. In the straight-line method, the amount 
of annual depreciation is equal to the new cost minus the trade-in or salvage 
value at the end of the assumed life, divided by the estimated life in years. It 
is common practice to assume a trade-in or salvage value equal to 10% of the 
new cost, although some investigators assume zero salvage value. 

The declining-balance, estimated-value, and sum-of-the-years-digits 
methods give rapid depreciation during the early years and slower deprecia¬ 
tion as the machine becomes older. These methods are more suitable than 
the straight-line method for determining the market value of a partially 
depreciated machine and for tax valuation. For income tax purposes, 
depreciation is often based on a much shorter life than would be justified on 
the basis of obsolescence or wear. 

With the declining-balance method, the depreciation for any year is a con¬ 
stant percentage of the remaining value at the beginning of the year. The 
estimated-value method is based on determinations of actual market values 
for machines of different ages, established through farm sales and auctions 
and by farm equipment dealers and published as recognized “guides” and 
“blue books.” 

Data from these price handbooks can be analyzed to determine the rela¬ 
tion between age and remaining farm value expressed as a percentage of the 
new list price. This has been done in references 1 and 5, combining all trac¬ 
tors into one group and all types of implements into 1 or 3 groups. 

Estimated-value relations developed in this manner give realistic deprecia¬ 
tion values for average machines under the conditions represented by the 
analysis. They do not cover situations where high annual use results in 
faster-than-average depreciation. In the absence of more specific informa¬ 
tion, they should be used when year-by-year machine costs are desired as a 
basis for deciding when to replace a machine. 

2.14. Machine Life. A value for the useful life of a machine is needed to 
estimate depreciation by any method except the one based on estimated 
market values. Estimates of either obsolescence life or wear-out life are 
rather arbitrary. Usually there is no definite time at which a machine sud¬ 
denly becomes unrepairable. Rather, there is a gradual increase in repair 
costs until eventually it becomes uneconomical to continue making repairs. 
Likewise, obsolescence is usually a relative matter based on comparison of 
features of a new model with those of an existing, old machine. 

Suggested values for obsolescence life and wear-out life for various types 
of implements are included in Table 2.1. If the annual use exceeds the value 
given in the third column, the machine is likely to wear out (from an 
economic standpoint) before it becomes obsolete. In calculating deprecia¬ 
tion, use either the obsolescence life or the wear-out life, whichever is the 
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smaller. For example, a combine used 250 h per year would wear out in 8 
years, but if used only 150 h per year it would become obsolete (in 10 years) 

before it wore out. 
Note that for most implements the hours per year for wear-out life to 

equal obsolescence life represents more than 15 normal days of use. This 

Table 2.1. LIFE AND REPAIR COSTS OF MACHINES 

Years 

Until 

Obso¬ 

lete 

Wear- 

out 

Life, 

Hours 

Hours per Year 

for Wear-out 

Repair Costs, 

Percent of New Cost 

Machine 

Life to Equal 

Obsolescence 

Life* 

Average 

per 

Hour 

Total During 

Wear-out 

Life 

Tractors 

Wheel-type 10 10 000 1 000 0.010 100 

Track-type 15 15 000 1 000 0.007 105 

Tillage implements 

Cultivator 12 2 500 208 0.048 120 

Disk harrow 15 2 500 167 0.048 120 

Disk plow 15 2 500 167 0.048 120 

Moldboard plow 15 2 500 167 0.080 200 

Spike-tooth harrow 15 2 500 167 0.040 100 

Spring-tooth harrow 15 2 000 133 0.060 120 

Seeders 

Grain drill 15 1 200 80 0.075 90 

Row-crop planter 15 1 200 80 0.075 90 

Harvesting equipment 

Bale wagon, automatic 10 2 000 200 0.040 80 

Combine, self-propelled 10 2 000 200 0.025 50 

Corn picker 10 2 000 200 0.038f 75 

Cotton picker 10 2 000 200 0.035j 70 

Cotton stripper 10 2 000 200 0.030T 60 

Field chopper, pull-type 10 2 000 200 0.040 80 

Hay baler, aux. eng. 10 2 000 200 0.030 60 

Hay baler, PTO 10 2 000 200 0.040 80 

Mower 10 2 000 200 0.150 300 

Rake, side delivery 10 2 500 250 0.060 150 

Sugar beet harvester 10 2 500 250 0.030 75 

Windrower, self-propelled 10 2 500 250 0.040 100 

Miscellaneous 

Fertilizer equipment 8 1 200 150 0.100 120 

Forage blower 12 2 000 167 0.030 60 
Wagon (rubber tired) 15 5 000 333 0.018 90 

♦When average annual use exceeds this number of hours, machine will wear out before 
it becomes obsolete. 

"fIf machine is mounted type, add total of 1% of new cost for each time machine is 
mounted and dismounted (normally once a year). 
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means that the average farm machine in the United States probably is dis¬ 

carded before it is worn out. However, many machines with low annual use 

remain in service for a longer period than indicated by the obsolescence-life 

values. 

2.15. Interest on Investment. Interest on the investment in a farm machine 

is a legitimate cost, since money spent in buying a machine cannot be used 

for other productive enterprises. The rate of interest should reflect prevailing 

rates. 

Strictly speaking, the annual charge for interest should decrease over the 

life of the implement as the value decreases. If a variable depreciation rate is 

used, the interest charge for each year should be based on the remaining 

value of the implement at the beginning of the year. If straight-line deprecia¬ 

tion is assumed, then a constant annual interest charge is desired so the total 

fixed costs each year will be the same. In this case, the interest charge is 

based on the average investment during the life of the machine. With 

straight-line depreciation, the average investment is equal to one-half the 

sum of the new cost and the trade-in or salvage value. 

2.16. Taxes, Insurance, and Shelter. These are minor items in the total 

fixed costs, but should be included. Property taxes are assessed on the 

remaining (depreciated) value of farm machinery at the same rate as on 

other farm property. There are wide variations among states in regard to 

property taxes. Many states have sales taxes. Although the sales tax is all 

paid at the time of purchase, the charge for it may be distributed over the life 

of the machine.9,12 
Farm machinery is sometimes insured against loss, although the owner 

frequently elects to carry the risk himself. In either case, a charge against the 

implement is justified. Insurance costs are based on the remaining value of 

the equipment. 
Although it is difficult to demonstrate conclusively that protection from 

the weather results in monetary savings, shelter is considered desirable for 

many types of farm machinery. The charge for housing is related to the 

physical size of the machine and usually ranges from 0.5 to 1% of the new 

cost of the machine. This charge should remain constant over the life of the 

machine. 
Note that some of these minor items are related to the remaining value of 

the machine each year, whereas others are based on the new cost. To sim¬ 

plify their inclusion, a total annual charge equal to 2% of the new cost is 

suggested if straight-line depreciation is assumed, and 4% of the remaining 

value at the beginning of each year if a variable-depreciation system is used. 

2.17. Repairs and Maintenance. Repair costs are difficult to estimate 

because of wide variations resulting from differences in operating condi¬ 

tions, management, maintenance programs, local costs, etc. Repair-cost 

records of individual farmers vary in their accuracy, form, and com- 
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pleteness. Cost surveys must include a large number of farms in order to 

provide reasonably reliable average values. These average results are not 

directly applicable to any specific situation, but do provide a basis for 

general cost estimating. 
Repair costs include maintenance (adjusting for wear, daily service and 

lubrication, etc.) as well as the cost of all parts and the labor to install the 

parts. Repair costs per hour of use increase with age but tend to level off as a 

machine becomes older." The amount of change in repair rate (cost per 

hour) with age is influenced by the type of machine. Tillage implements and 

other machines that require frequent sharpening or replacing of cutting ele¬ 

ments have relatively high initial repair rates and relatively small increases 

in repair rates as they become older. 

Data obtained in a 1966 survey of over 1500 farmers in Indiana and Il¬ 

linois6 provided information on repair costs versus age for tractors and 10 

kinds of implements. By assuming a definite useful life for each kind of 

machine, it was possible to establish approximate mathematical relations 

between total accumulated repair costs and percent of assumed life.6 Similar 

relations, but with somewhat different constants, are included in reference 1. 

These equations indicate a more rapid increase in repair rate during the 

early years than during later years. If the Indiana-Illinois data are plotted as 

repair rate versus age in years, the repair rate eventually becomes about con¬ 

stant." Relations that reflect the increase of repair rate with age should be 

utilized when estimates of year-by-year machine costs are needed. 

When average costs during the useful machine life are acceptable, it is 

simpler to apply a uniform annual charge for repairs. This is done in con¬ 

junction with straight-line depreciation. Table 2.1 includes average repair 

costs per hour during the indicated wear-out lives, as well as the total life 

repair costs. The cost of daily servicing is included. These values are based 

on references 1,4, 5, 7, and 8. For some machines there was considerable 

variation among the references in regard to suggested repair-cost factors. 

2.18. Fuel, Lubricants, and Miscellaneous Supplies. With tractors and 

other powered equipment, the cost of fuel and lubricants (including engine 

oil and filters) must be included in the total machine charge. Power require¬ 

ments can be estimated by referring to the table of draft and power require¬ 

ments in Appendix A. For a given draft D, in kilonewtons [pounds force], 

and a given speed S, in kilometres per hour [miles per hour], the required 

drawbar power for mounted, semimounted, or pull-type implements, in 

kilowatts [horsepower], is 

[ dbp 

dbp = 
DS 

3.6 

D X 5280 S 

60 X 33,000 

DS_ 

375 
] 

(2.5) 
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The draft for most pull-type, nontillage implements is in the form of roll¬ 

ing resistance. The pull required to overcome rolling resistance is determined 

by multiplying each wheel’s load normal to the soil surface (in force units) by 

the appropriate coefficient of rolling resistance obtained from Appendix C, 

and adding the resistances for all wheels. 

Table 2.2. TRACTOR FUEL CONVERSION12 

Loading, Percent 

of Maximum 

PTO Power 

PTO Kilowatt- 

hours per Litre 

PTO Horsepower- 

hours per Gallon 

Diesel Gasoline LP Gas Diesel Gasoline LP Gas 

100 2.60 1.92 1.59 13.2 9.7 8.1 

80 2.53 1.78 1.52 12.9 9.0 7.7 

60 2.36 1.57 1.40 12.0 8.0 7.1 

40 2.02 1.23 1.16 10.3 6.3 5.9 

20 1.37 0.79 0.75 7.0 4.0 3.8 

Averages from 103 Nebraska Tractor Tests after 1965, with fuel consumptions in¬ 

creased by 15% to represent typical fuel usage for tractors on farms. Values apply specif¬ 

ically to operation at full governed speed, but probably are reasonably accurate for part- 

throttle settings. 

Fuel requirements for tractors can be estimated from Table 2.2, provided 

the maximum PTO (power take-off) power rating of the tractor and the ac¬ 

tual PTO power requirement are known. The drawbar power output is 

always less than the PTO output because of drive-wheel slippage, tractor 

rolling resistance, and friction losses in the drive train between the engine 

and the wheels. The sum of these losses may be represented by a tractive- 

and-transmission (T & T) coefficient, which is defined as the ratio of draw¬ 

bar power to PTO power. References 1 and 12 include a nomograph from 

which drawbar power and percent wheel slip can be determined for two- 

wheel-drive tractors in relation to PTO or axle power,* static force on drive 

wheels, travel speed, soil condition, and implement type (mounted, 

semimounted or pull-type). Table 2.3 shows typical values of T & T coef¬ 

ficients determined from the nomograph for a semimounted implement. 

Coefficients for four-wheel-drive tractors would be somewhat higher than 

those for two-wheel-drive tractors. Track-type tractors seldom have more 

than 5% slip, even on soft soils. Tractive-and-transmission coefficients for 

them probably would be at least 0.8 to 0.85 on firm soil and 0.7 to 0.75 on 

soft soils. 

* Axle power is considered to be approximately 96% of PTO power. 
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Table 2.3. TRACTIVE-AND-TRANSMISSION COEFFICIENTS 

FOR TWO-WHEEL-DRIVE TRACTORS 

Tractive-and-Transmission Coefficient* 
Loading, 

Percent of 

Max. Avail. 

PTO Power 

Firm Soil Tilled Soil Soft or Sandy Soil 

6.5 km/h 

[4 mph] 

8 km/h 

[5 mph] 

6.5 km/h 

[4 mph] 

8 km/h 

[5 mph] 

6.5 km/h 

[4 mph] 

8 km/h 

[5 mph] 

80 0.73 0.75 0.60* 0.61 ** ** 

70 0.75 0.75 0.61 0.61 ** ** 

60 0.75 0.74 0.61 0.59 ** 0.51 
50 0.74 0.72 0.60 0.56 0.5 It 0.50 
40 0.72 0.68 0.55 0.49 0.50 0.45 

♦Determined from Fig. 1 in reference 1, for a semimounted implement and a rear-axle 

static force of 0.625 kN per PTO kilowatt [105 lbf/hp]. Average values from Nebraska 

Tractor Tests in 1973-1976 (with ballast and operator) were 0.66 kN per PTO kW for all 

tractors with maximum PTO outputs between 37 and 86 kW [50 and 115 hp] and 0.59 kN 

per PTO kW for all tractors with maximum PTO outputs betwen 86 and 136 kW [115 and 
182 hp], 

♦♦Excessive wheel slip (over 18%). 

tWheel slip = 16 to 18%. Values for other conditions in the table were from 4% to 15%. 

The PTO power corresponding to the required drawbar power is deter¬ 

mined by applying the appropriate T & T coefficient. If part or all of the 

power to the implement is supplied directly through the PTO, this is added 

to the PTO power needed for the drawbar pull. In determining the size 

rating (maximum PTO power) needed for a particular job, or the maximum 

size or speed of an implement for a given tractor, the normal loading should 
not exceed 80% of the maximum available power. 

As an example, assume a disk harrow with a draft of 18 N [4050 lbf] is to 

be pulled at 6.5 km/h [4 mph] in a firm, unfilled field, by a diesel tractor 

having a maximum PTO power rating of 60 kW [80.5 hp]. The problem is to 

determine the average fuel consumption rate. From equation 2.5, the re¬ 
quired drawbar power is 

18X65 
dbp = 3 6 ‘ = 32.5 kW [43.6 hp ] 

Referring to the second column in Table 2.3, the T & T coefficient on a firm 

soil ranges from 0.73 to 0.75 for 80% to 40% loading. Use a value of 0.74 for 

this problem. Then the PTO power needed to develop 32.5 kW at the draw¬ 

bar is 32.5/0.74 = 43.9 kW [58.9 hp]. Since the maximum available PTO 

power is given as 60 kW, the actual load is 100 X 43.9/60 = 73% of the max¬ 

imum power. Interpolation between 60% and 80% in the diesel column in 
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Table 2.2 gives a fuel conversion factor of 2.47 kW-h/L. Fuel consumption, 

then, is 43.9/2.47 = 17.8 L/h [4.70 gal/h]. 
Table 2.2 can also be employed in estimating fuel requirements for self- 

propelled machines or for engines on pull-type implements if the power re¬ 

quirements are known or can be estimated. For tractors and for implements 

having engines, the total cost of lubricants (including engine oil and filters) 

can be taken as 15% of the cost of the fuel used.5’8 
Twine or wire for hay balers is an example of miscellaneous supplies that 

should be included in cost calculations. Average requirements per 

megagram [per ton] are given in Section 15.7. 
2.19. Total Cost of Performing a Field Operation. The total cost is 

generally desired on either a per-unit-area or production-unit basis. Deter¬ 

mination of the total cost per unit of work involves the following factors. 

1. Annual use of implement, in hours or hectares. 

2. Effective field capacity of implement, in hectares per hour. 

3. Total annual fixed costs for implement. 
4. Total operating costs per hour (repairs, fuel and lubricants) for imple¬ 

ment. 
5. Cost per hour or per hectare for tractor power required by implements 

that are not self-propelled. 

6. Labor cost per hour. 

In some harvesting operations, field losses and/or quality reduction 

resulting from the use of a machine must also be considered, since the 

grower’s potential income is thereby reduced. This charge against the opera¬ 

tion is particularly important when comparing two or more harvesting 

methods. 
For quick reference, total annual fixed costs are indicated in the table 

below for six straight-line depreciation rates. The interest rate is taken as 9% 

of the average investment and the total for taxes, insurance, and shelter is 

2% of the new cost. 

Assumed Assumed salvage Total annual fixed 

life, value, percent costs, percent 

years of new cost of new cost 

10 0 16.5 

12 0 14.8 

15 0 13.2 

10 10 16.0 

12 10 14.5 

15 10 13.0 
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Determination of tractor power costs involves the same factors that have 

been discussed for implements. The hourly cost is based on the total annual 

operating time for the tractor rather than the annual use with the particular 

implement involved. In the absence of specific data for the tractor, a fair ap¬ 

proximation, based on 1976 costs, is to assume 120/h per maximum 

available PTO kilowatt* [90/h per PTO hp] for 2-wheel-drive diesel trac¬ 
tors. 

Labor charges should be based upon prevailing wage rates. The labor cost 

per hectare is inversely proportional to the field capacity of the machine. 

The use of a larger implement for a given total area per year decreases the 

labor cost per hectare but increases the implement fixed costs per hectare. 

2.20. Examples of Cost Determination. For the first example, consider a 
4.9-m [16-ft] self-propelled combine with a 70-kW [94-hp] diesel engine, 

operating at 5 km/h [3.1 mph] and used to harvest 200 ha [494 acres] of 

grain per year. Assume the average required engine power is 60% of the 

maximum available. Other pertinent factors are: New cost = $29 000, in¬ 

terest rate = 9%, diesel fuel cost = 10.50/L [400/gal], operator’s wage = 

$3.50/h. Determine the total harvesting cost per hectare [per acre]. 

Section 2.10 indicates field efficiencies from 65 to 80% for combines. As¬ 

sume a value of 70%. Then, from equation 2.1, the effective field capacity is 

C 
5 X 4,9 x 70_ 

10 100 
1.72 ha/h [4.25 acres/h] 

The total operating time per year, then, is 200/1.72 = 116 h. Reference to 

the third column in Table 2.1 indicates that for 116 h of annual use, 

depreciation should be based on the obsolescence life, which is shown as 10 

years. Assume a 10% trade-in value. Table 2.1 indicates that average repair 
costs per hour = 0.025% of the new cost. 

From Table 2.2, the diesel-fuel conversion factor at 60% loading is 2.36 

kW-h/L. The actual average power requirement is 70 X 0.60 = 42 kW [56.3 

hp]. Therefore, fuel consumption is 42/2.36 = 17.8L/h [4.70 gal/h]. 

Calculations for the various charges and the total cost per hectare [per 
acre] are as follows: 

Annual Fixed Charges 

Depreciation 

Interest 

29 000 - 2900 

10 

29 000 + 2900 

2 

$2610.00 

1435.50 

‘Advertised tractor ratings usually are maximum PTO power unless stated otherwise. 
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Taxes, insurance, shelter 

(Section 2.16) 0.02 X 29 000 = 580.00 

Total fixed costs per year $4625.50 

Cost per Hour 
4625.50 

$ 39.88 Fixed costs 
116 

Repairs X 29 000 = 
100 

7.25 

Fuel @ 10.50/L 0.105X17.8 = 1.87 

Lubricants (15% of fuel cost) 0.15X1.87 = 0.28 

Labor - 3.50 

Total cost per hour $ 52.78 

Total Cost per Unit Area 

Per hectare 52.78/1.72 = $ 30.69 

Per acre 52.78/4.25 = $ 12.42 

In this example, total fixed costs could have been calculated by applying the 

factor shown in Section 2.19 for a 10-year life with 10% trade-in value. 

As a second example, consider a 5-bottom 46-cm [18-in.] semimounted 

moldboard plow, pulled at 6.5 km/h [4 mph] with a wheel tractor loaded#to 

75% of its maximum available power. The average draft of the plow is 25 kN 

[5600 lbf]. The new cost is $4400 and the annual use is 125 h. Assume 10% 

salvage value. As in the first example, the interest rate is 9% and the 

operator’s wage is $3.50/h. Again, the total cost per hectare [per acre] is 

desired. 
Table 2.1 indicates that depreciation for the plow should be based on the 

obsolescence life, which is 15 years. From Section 2.19, the total annual 

fixed costs are 13.0% of the new cost. Table 2.1 indicates an average hourly 

repair cost of 0.08% of the new cost. 
The width of cut is 5 X 46/100 = 2.30 m. Assume a field efficiency of 85% 

(Section 2.10). Then, from equation 2.1, the effective field capacity is 

c = 6,5 x 2J- X — = 1.27 ha/h [3.14 acres/h] 
3.6 100 

The actual drawbar power requirement for 25 kN draft at 6.5 km/ h is 

dbp = 25 X-~- = 45.1 kW [60.5 hp] 
3.6 
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Since plowing usually would be done in a firm field, a T & T coefficient of 

0.74 for 75% loading is appropriate (Table 2.3). Since the tractor is to be 

loaded to 75% of its maximum power, the size required for an actual draw¬ 
bar power of 45.1 kW would be 

45.1 
-= 81.2 maximum available PTO kW [109 hpl 
0.74 X 0.75 

Assume a power cost of 120/h per available PTO kilowatt, as suggested in 
Section 2.19. 

The details of the various charges are as follows: 

Annual Fixed Costs for Plow 

Total (13.0% of new cost) 0.13 X 4400 = $572.00 

Cost per Hour 

Fixed costs for plow 572.00 
- $ 4.58 

125 

Repair costs for plow 0-08 x 440o = 3 52 

100 

Tractor power 0.12 X 81.2 = 9.74 

Labor = 3.50 

Total cost per hour $ 21.34 

Total Cost per Unit Area 

Per hectare 21.34/1.27 = $ 16.80 

Per acre 21.34/3.14 = $ 6.80 

2.21. Effect of Annual Use Upon Costs. Figure 2.1 shows the relation of 
total cost per hectare to the total hours of annual use for the machines and 

conditions of the two preceding examples. For the self-propelled combine, 

the initial investment is high and fixed costs represent a large part of the 

total cost, even for an annual use of 150 h. The total cost per hectare 

becomes prohibitive as the annual use is reduced to 50 h (which represents 86 

ha per year in this case). 

The moldboard plow is an example of an implement for which power and 

labor costs are relatively high in relation to fixed costs. But even so, the total 

cost per hectare increases considerably as the annual use is reduced below 
about 100 h. 
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Fig. 2.1. Relation of calculated cost per hectare to hours of annual use, for two types of field 

machines. 

2.22. Determining the Optimum Size of an Implement. Selecting the op¬ 

timum width or size of an implement for a particular enterprise minimizes 

the total cost per hectare for performing the operation. For a given area to 

be covered with a specific type of implement, the use of a unit that is too 

small will result in high costs per hectare, primarily because of the excessive 

amount of labor required. If the implement is too large, total costs per hec¬ 

tare will be high because of the greater fixed costs. 
By making a series of cost calculations for various implement widths, a 

least-cost width between these two extremes can be determined. Hunt12’13 

developed an equation that expresses the total annual cost for the imple¬ 

ment, power, and labor in terms of all the contributing factors, including 

total area and implement width. He assumed that total area, field efficiency, 

implement fixed-cost percentage per year, and the tractor fixed-cost amount 

per hour all remain constant, independent of the implement width, and that 

the implement new cost and implement and tractor operating costs per hour 

are directly proportional to the width. By differentiation he obtained a 

second equation from which the magnitude of the least-cost width can be 

calculated for any given area. 
An example of the application of Hunt’s equations is shown by the lower 

curve in Fig. 2.2. The rapid increase in cost as the width is decreased below 

the least-cost value is due primarily to the increased amount of labor re- 
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quired per hectare because of the lower field capacity. The increase in costs 

to the right of the least-cost width occurs primarily because implement fixed 

costs increase more rapidly than the sum of labor costs and tractor fixed 

costs per hectare decreases. Note that there is less economic penalty from 

choosing an implement that is too large than from choosing one that is too 

small. The right-hand portion of the curve would be even flatter for tillage 
tools. 

Expensive machines have a more sharply defined least-cost width than 

shown in Fig. 2.2 for grain drills, and the cost increases much more rapidly 

as the width is increased beyond the least-cost value. Thus, choosing the 

correct size is more important for high-cost machines than for low-cost ones. 

Timeliness in performing a field operation has an economic value if crop 

yield and/or quality are reduced because of the length of time required to 

perform the operation. With many crops there is a gradual reduction in yield 

or quality as planting or harvesting is delayed beyond the optimum calendar 

time or period. In other cases there is the probability of adverse weather 

causing the complete loss of the unharvested portion of a crop. 

Hunt12,13 and Bowers5 have established timeliness factors for several 

operations and crops for which applicable results of agronomic field experi¬ 

ments are available. These timeliness factors indicate the rates at which 

potential crop values decrease with time of performing certain operations. 

There are some differences between the values recommended by these two 

men, perhaps reflecting differences in environmental and growth conditions. 

Width of drill, metres 

Fig. 2.2. Annual cost in relation to widths of grain drills for planting 32 ha/year. (D. Hunt.12) 
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By adding a timeliness term to his least-cost-width equation, Hunt arrived at 

an optimum-width equation that charges timeliness losses against the imple¬ 

ment. When timeliness is a factor, the effect is to increase the optimum im¬ 

plement width as indicated by the upper curve in Fig. 2.2. 
2.23. Justification for Machine Ownership. It is evident from Fig. 2.1 that 

expensive machines such as a self-propelled combine are not economically 

practical for individual ownership on small farms. As pointed out in Chapter 

1, this is one of the serious problems of mechanization. Custom operations 

and joint ownership by several farmers are two methods of increasing the an¬ 

nual use and thus reducing unit costs. But with either arrangement the in¬ 

dividual farmer sacrifices timeliness and independence in scheduling his 

operations. 
In some cases, particularly on small farms, the choice may lie between 

hand labor and a more expensive mechanical method. If the cost difference 

is not too great, the machine operation may be preferred because of the 

elimination of problems associated with obtaining and managing hand 

laborers. Convenience, mobility, and other similar factors are difficult to 

evaluate but have a definite bearing on economic considerations. 

2.24. Managing Farm Machinery. As the size of farms continues to grow 

and machinery investments increase, efficient management of machines 

becomes more and more important to the success of an enterprise. Manage¬ 

ment includes determining the costs for performing a particular operation, 

selecting the best size and type of equipment for each application, matching 

machinery components in a complete system, establishing an effective main¬ 

tenance program, determining the optimum age for replacing a particular 

machine, scheduling farm operations for the best use of the machine, and 

consideration of other factors. 
Computer analysis is becoming increasingly important in making certain 

types of machinery-management decisions and is employed in some large 

farming enterprises. An ASAE conference devoted entirely to “Computers 

and Farm Machinery Management” was held in December, 1968.7 

Detailed coverage of all aspects of farm machinery management is beyond 

the scope of this text. The reader who is interested in pursuing this subject 

further should consult books by Bowers5 and Hunt12 and other appropriate 

references listed at the end of this chapter. 
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PROBLEMS 

2.1. A farmer using a 4-bottom 41-cm moldboard plow at 6.5 km/h covers 8 hectares in 9.5 
h. The draft is 15 kN. Calculate: 

(a) Field efficiency. 

(b) Drawbar power. 

2.2. In harvesting grain with a 5-m combine, the time required for emptying the grain tank 

averaged 8.5 min/ha. Turning, adjusting, and other miscellaneous interruptions amounted to 

12% of the effective operating time. The average width of cut was 0.3 m less than the rated 
width and the forward speed was 4 km/h. 

(a) Calculate the field efficiency. 

(b) Calculate the effective field capacity. 

(c) What would the field efficiency be if the grain tank were unloaded on-the-go, with no time 
lost during unloading? 

2.3. Plot curves of field efficiency versus row length, for lengths from 0.2 to 1.5 km, when 

planting corn with a 4-row planter at 5 km/h or 8 km/h. Row spacing = 100 cm and the 

average turning time at each end is 15 s for either down-the-row speed (assuming the operator 

throttles down from 8 km/h to turn). The time required for filling seed hoppers and other mis¬ 

cellaneous interruptions is 5.4 min/ha plus 7% of the effective operating time. 
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2.4. A field chopper discharging into a trailed wagon averages 27 Mg/h at a field efficiency 

of 65% when there is no waiting for wagons. The average load per wagon is 4.5 Mg and it takes 

1.5 min to change wagons. If the operator must occasionally wait for an empty wagon and the 

delay averages 1.8 min per load, by how much is his average output (megagrams per hour) 

reduced? What is the field efficiency? 
2.5. A 4-m grain drill is pulled at 7 km/h with a wheel-type tractor having 35 PTO kW. The 

new cost of the drill is $3000 and the labor cost is $3.50/h. Calculate the following, indicating 

the basis or reference for any assumptions made. 

(a) The total cost per hectare for drilling 40 ha/year. 

(b) The cost per hectare if the annual use is 100 ha. 

(c) The number of hours required to plant 100 ha. 

2.6. A farmer has a choice of buying a 4-bottom 41-cm moldboard plow for $3000 or a 5- 

bottom 45-cm plow for $4200. Assume that the cost per hectare for tractor energy would be the 

same in either case. With either plow, operating speed = 6.5 km/h and field efficiency = 82%. 

(a) If the labor cost is $3.50/h, what is the minimum number of hectares plowed per year that 

would justify the purchase of the larger plow (i.e., the break-even point)? 

(b) How many hours per year would each plow be used at the break-even area? 

(c) How would increased labor costs affect the size of the break-even area? 

2.7. A PTO-driven, twine-tying baler is pulled with a tractor having a maximum PTO rating 

of 35 kW. The average baling rate (including lost time) is 6.5 Mg/h. New costs are $4500 for 

the baler and $9500 for the tractor. Assume a 10% trade-in value for each machine and an in¬ 

terest rate of 9%. Annual use for the tractor is 800 h. Fuel consumption (gasoline) is 10.5 L/h, 

fuel cost = 120/L, baler twine cost = 850/kg, and the operator’s wage = $3.50/h. Calculate the 

total baling cost per megagram for 

(a) 500 Mg/year. 

(b) 1800 Mg/year. 
2.8. A gasoline tractor with a maximum PTO rating of 35 kW is pulling a PTO-driven baler 

at 7 km/h in a reasonably smooth alfalfa field. The PTO power requirement for the baler is 12 

kW. The baler mass is 2.1 Mg and the average OD of the tires is 0.75 m. Estimate the rate of 

fuel consumption. 



Mechanical Power Transmission 
and Power-Take-Off Drives 

3 

3.1. Introduction. This chapter is intended to acquaint the student with 
some of the characteristics of the mechanical rotary power transmission ele¬ 
ments most common on agricultural machines. Emphasis is placed upon the 
differences between agricultural applications and industrial drive systems, 
with only a minimum of space devoted to subjects that are adequately 
treated in machine design textbooks, engineering handbooks, or other 
similar references. As the student studies various types of machines during 
the course, he should observe and evaluate specific applications of the 
various drive systems and their components. 

BEARINGS AND SEALS 

3.2. Applications. Bearings and seals are needed on axles of ground- 
driven rotating components as well as in power-transmission systems. Both 
types of applications are included in the following discussion. Bearings on 
agricultural implements are often required to operate under extremely dusty 
or dirty conditions. Development of suitable bearings, seals, and lubricants 
for these conditions has been a real challenge, but great progress has been 
made in recent years. 

Sealed, factory-lubricated ball bearings are now employed extensively on 
most types of harvesting equipment and in many other applications, the ad¬ 
ded initial cost being justified by reduced repair costs and less daily servicing 
time. Although the trend is to install these bearings with no provision for 
relubrication, some do have fittings to permit occasional replenishment of 
the lubricant. Regreasing at intervals of several years is said to have some 
merit in maximum-service applications where excessive heat tends to break 
down the grease." But there are also likely to be problems from such things 
as the use of an incorrect type of grease, contamination of the grease from 
dirt on the fitting or in the gun, and collection of dust and dirt around the 
seal lips because of excess grease purging through the seals.9 

Self-alignment of bearings on open shafts is an important feature in many 
agricultural applications, to compensate for manufacturing tolerances and 
variable deflection of supporting members. Self-aligning mountings may 
range from a plain cast-iron sleeve body fitted loosely in a hole in a plate to a 

48 
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Fig. 3.1. Specially designed disk-harrow bearings with triple-lip seals, in self-aligning 

mountings, (a) Spherical OD on outer race, with flange mounting; seals integral with bearing. 

(Courtesy of New Departure Div., General Motors Corp.) (b) Trunnion mounting for self¬ 

alignment; seals separate from bearing but with lips riding on bearing inner ring. (Courtesy of 

Deere & Co.) 

spherical-OD ball bearing held in stamped flanges as shown in Fig. 3.1a. 
Another method of providing self-alignment for axle bearings is by means of 

a trunnion support for the bearing housing, as shown in Fig. 3.1 b. 
3.3. Plain Bearings. Proper design calls for adequate contact area, dirt ex¬ 

clusion, and effective lubrication. Plain bearings can take thrust loads only if 

they are made with circumferential ribs or end flanges. Plain bearings on 

open shafts are usually unsealed. Lubrication by grease gun serves to flush 

out dirt and maintain a grease seal at the bearing ends, as well as to 

lubricate. Plain bearings with little reservoir space may require lubrication 

daily or even twice a day to prevent excessive friction and wear. Such bear¬ 

ings are, for the most part., being eliminated from new designs. In some 

cases, centralized lubricating systems are installed. These have tubes leading 

to the individual bearings from a hand pump on a grease reservoir. 
Common bearing materials are bronze, oil-impregnated sintered metal, 

oil-soaked wood (usually maple), hardened steel, white cast iron, and 

plastics. Wood is no longer used extensively, but one application for which it 

is well-suited is on combine straw-walker cranks, where split bearings are 

needed for practical assembly. Hardened steel bearings and hardened steel 

shafts are used to some extent on heay-duty tillage implements." Plastic 

bearings have good corrosion resistance and may not need lubrication, but 

they require fairly large molding tolerances and are subject to cold flow un¬ 

der heavy loads." 
White iron bearings are relatively inexpensive and are still used to some 

extent on the smaller tandem disk harrows and in certain other low-speed 

applications, in preference to antifriction bearings. Chilled or white cast iron 

is made by rapid cooling after pouring special, low-silicon cast irons. The 
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resulting material is very hard and brittle and has excellent resistance to 

abrasive wear such as that caused by dirt getting into bearings. 

3.4. Antifriction (Rolling-Contact) Bearings. Antifriction bearings are 

available for almost any type of application. Ball bearings may be fitted into 

machined housings or they may be installed as self-aligning pillow-block or 

flange-mounted units. Idler sprockets and sheaves with integral, sealed ball 

bearings are employed extensively on farm machines. Although most ball 

bearings are designed primarily for radial loading, they can take a moderate 

amount of thrust. Some ball bearings are designed specifically for thrust 

loads or combination loads. 

In some cases, special bearing designs have been developed specifically for 

farm machinery applications. Two notable examples are disk-harrow bear¬ 

ings (Fig. 3.1) and tine-bar bearings for hay rakes (Fig. 3.2). Disk bearings 

are subjected to fairly heavy radial and thrust loads at low speeds and 

operate in contact with dirt most of the time. Self-aligning mountings and 

effective seals are imperative. Disk bearings are available with either square 

or round holes. (Some disk gang bolts are square.) 

Fig. 3.2. Specially designed tine-bar bearing on the reel of a side-delivery hay rake. (Courtesy 

of New Departure Div., General Motors Corp.) 

Plain roller bearings have a high radial load capacity but no end-thrust 

capacity. They are most suitable for low-speed applications such as on the 

axle of a grain drill. They are more sensitive than ball bearings in regard to 

misalignment, dirt, and grit. A needle bearing is a form of roller bearing em¬ 

ploying a maximum number of small-diameter rollers without a cage or 

spacers. Because of their comparatively small radial dimensions and their 

exceptionally high load capacity, particularly at low peripheral speeds, nee¬ 

dle bearings are well-suited to applications involving oscillating motion. 

They may be installed without a race, with only an outer race, or with both 
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Fig. 3.3. Common types of needle bearings, (a) and (b) Bearings with outer races only, (c) bear¬ 

ing with inner and outer races, (d) spherical-end roller used in transmissions, etc. (Courtesy of 

The Torrington Co.) 

inner and outer races (Fig. 3.3). When the shaft (or the housing) is to serve as 

a race, it should be hardened and precision-ground to close tolerances. As 

with other types of straight roller bearings, needle bearings are very sensitive 

to dirt and misalignment. 
Tapered roller bearings are designed to take both radial and thrust loads, 

the relative capacities depending upon the amount of taper. These bearings 

are used in pairs, in housings that maintain accurate alignment, as il¬ 

lustrated in Fig. 7.3. Axial adjustment is usually provided for the inner race. 

In addition to being adjustable, tapered roller bearings are more tolerant of 

dirt than are other types of antifriction bearings. They have many applica¬ 

tions in farm machinery design. 
3.5. Load Capacities of Antifriction Bearings. Manufacturers publish 

tables that give the load ratings for different bearings at various speeds, 

based upon a specified average life. These data can be adjusted to give 

ratings for other life expectancies by means of factors included in the 

catalogs. In general, the life of an antifriction bearing, in terms of stress cy¬ 

cles, appears to vary about as the inverse cube of the load. Since these bear¬ 

ings fail primarily because of fatigue, the life in hours is inversely propor¬ 

tional to the rotational speed. In many slow-speed and heavy-duty farm- 

machinery applications, the size of the bearing is determined by the size of 

shaft needed to carry the load rather than by capacity limitations of the 

bearing. 
3.6. Seals. Antifriction bearings require effective seals, but the close fits 

and absence of wear result in a greater potential for good seal performance 

than with plain bearings. Sealing is usually effected by a sharp-cornered lip 

held against the rotating shaft or a rotating surface on the bearing by its own 

elasticity or by spring pressure (garter spring). Synthetic rubber compounds 

and leather are the most common seal materials. Compatibility of seal com¬ 

pounds and lubricants is an important consideration.16 Some lubricant for¬ 

mulations may cause premature failure of synthetic rubber seals. 
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Sealed, factory-lubricated bearings have the seals as an integral part of 

the bearing assembly, as in Fig. 3.1a and 3.2. The arrangement shown in Fig. 

3-1 b has the seals as separate units but the lips run on the smooth, concentric 

surface on the bearing inner ring. The seals shown in Fig. 3.1 are triple-lip, 

developed for the extremely severe dirt conditions encountered in disk- 

harrow applications. Sealed bearings designed for less severe applications 
usually have only single-lip seals. 

Note that the bearing assembly shown in Fig. 3.2 has an external flange or 

slinger that rotates with the hub and protects the lip of the seal from hay that 
might wrap around the hub or tine bar. 

V-BELT DRIVES 

3.7. Applications. V-belts are employed extensively in agricultural 

machinery applications in which it is not necessary to maintain exact speed 

ratios. V-belts tend to cushion shock loads, do not require lubrication, and 

are less critical to misalignment than are other types of drives. They can be 

operated at speeds as high as 33 m/s [6500 ft/min], although speeds in 

agricultural machinery applications seldom exceed 15 m/s [3000 ft/min]. V- 
belts are not suitable for heavy loads at low speeds. 

V-belts may be used singly or in matched sets, although single belts are the 

most common on agricultural machines. Banded, multiple V-belts are 

sometimes employed on drives having high power requirements, pulsating 

loads, and inherent instability problems. A banded belt consists of a 

matched set of two or more conventional V-belts with a thin tie band con¬ 

necting their tops. Tying the strands together minimizes lateral belt whip 
and improves the load distribution among the belts. 

Because a V-belt wedges into the sheave grooves, it can transmit a given 

amount of power with less overall shaft pull than a flat-belt drive. V-belts 

can be operated with relatively small arcs of contact, as in close-center shaft 

arrangements with large shaft-speed ratios. A single belt on an implement 

often drives several components in an arrangement known as a serpentine 

drive. V-belts permit considerable latitude in possible orientation and 
arrangement of the shafts involved in a drive. 

V-belts are adaptable to clutching arrangements. A close-fitting guard 

may be needed to maintain proper belt orientation and move the belt away 

from the driver when the tension is released. Under certain conditions it is 

convenient or economically desirable to drive a relatively large flat pulley 

with V-belts from a smaller, grooved sheave.* This is known as a V-flat 
drive. 

♦In this chapter, “pulley” means a wheel that has an essentially flat face, and a sheave is a 
grooved wheel for V-belts. 
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Table 3.1. AGRICULTURAL V-BELT CROSS-SECTIONAL DIMENSIONS, 

SHEAVE GROOVE ANGLES, AND DIFFERENCES BETWEEN SHEAVE 

EFFECTIVE OUTSIDE DIAMETERS AND PITCH DIAMETERS* 

Belt 

Cross 

Section 

Nominal 

Belt 

Width 

Nominal 

Belt 

Depth 

Sheave 

Groove 

Angle, 

Effective OD 

Minus PD for 

Std.-Groove 

Sheave 

mm in. mm in. deg.f mm in. 

Conventional V-belts 

HA 12.7 0.50 7.9 0.31 30-38 6.35 0.250 

-H WIDTH 1- *— 

HB 16.7 0.66 10.3 0.41 30-38 8.89 0.350 
' 

\-7 ~r HC 22.2 0.88 13.5 0.53 30-38 10.16 0.400 

\ / DEPTH HD 31.8 1.25 19.0 0.75 30-38 15.24 0.600 

\_/  i 
HE 38.1 1.50 23.0 0.91 32-38 20.32 0.800 

Double V-belts 
WIDTH HAA 12.7 0.50 10.3 0.41 30-38 6.35 0.250 

/-\ T HBB 16.7 0.66 13.5 0.53 30-38 8.89 0.350 

/ \ T 
nFPTH HCC 22.2 0.88 17.5 0.69 30-38 10.16 0.400 

\ / HDD 31.8 1.25 25.4 1.00 30-38 15.24 0.600 

Adjustable-speed V-belts 

HI 25.4 1.00 12.7 0.50 26 7.6 0. JO 

p-WIDTH- 
i HJ 31.8 1.25 15.0 0.59 26 9.4 0.37 

r 7 ^ HK 38.1 1.50 17.5 0.69 26 11.4 0.45 

\ / DEPTH HL 44.4 1.75 19.8 0.78 26 13.2 0.52 

V 1 L HM 50.8 2.00 22.2 0.88 26 15.2 0.60 

*ASAE Standard S211.3.2 

tFor V-belts and double V-belts, sheave groove angle increases as diameter is increased. 

3.8. V-Belt Types and Standardization. Three types of V-belts specially 

designed for agricultural machines are known as agricultural V-belts, 

agricultural double V-belts, and adjustable-speed belts. These are illustrated 

in Table 3.1. Banded belts made from agricultural V-belts are also available. 

Agricultural V-belts and double V-belts are distinguished from the 

corresponding cross-sectional sizes of industrial V-belts by the prefix, H. 

The cross-sectional dimensions of agricultural V-belts are identical with 

those of industrial belts but the construction is different because of the dif¬ 

ferent type of use. Agricultural V-belts are more likely to be subjected to ex¬ 

cessive shock loads, heavy pulsating loads, and other adverse conditions. 

Whereas V-belts in an industrial drive are expected to last for several years 

of continuous operation, a life expectancy of 1000 to 2000 h is adequate for 

most farm machinery applications. Hence, agricultural V-belt loadings can 

be higher than in industrial applications. 
Double V-belts are employed in serpentine drives where the direction of 

rotation of one or more shafts is reversed, thus requiring that power be 
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transmitted to grooved sheaves from both the inside and outside of the belt. 

Adjustable-speed belts are discussed in Section 3.12. 

The ASAE has established a standard for agricultural V-belts.2 This stan¬ 

dard covers cross-sectional dimensions (Table 3.1), belt lengths generally 

available, groove specifications, minimum diameters for idlers, procedures 

and examples for calculating required belt lengths, installation and take-up 

allowances, twisted-belt drives, and belt-measuring specifications. 

The ASAE standard is similar in many respects to the standard es¬ 

tablished by the Rubber Manufacturers Association (RMA) for industrial 

V-belts. There are minor differences in groove dimensions and in available 

belt lengths. The RMA standard specifies pitch lengths for belts, whereas 

the ASAE standard specifies effective outside lengths. The RMA standard is 

intended primarily for two-sheave drives and includes formulas and charts 

for power ratings. The ASAE standard covers a broad range of drive con¬ 

figurations and does not include power ratings. In designing an 

agricultural drive, the allowable load is related to the expected number of 
hours of actual operation for a specific drive. 

3.9. Mechanics of V-Belt Drives. A V-belt transmits power by virtue of a 

difference in belt tension between the point at which it enters a sheave and 

the point at which it leaves. This difference in tension is developed through 

friction between the belt sidewalls and the sides of the sheave groove. The 

wedging effect as the belt is pulled into the groove because of belt tension 
greatly increases the potential driving force. 

As a belt bends to conform to the sheave curvature, the outer section 

stretches and the inner section is compressed. The location of the neutral 

axis, which establishes the pitch diameter of the sheave, is determined by the 

position of the load-carrying cords within the belt cross section. Differences 

between sheave effective outside diameters and pitch diameters are included 

in Table 3.1. Pitch diameters, rather than outside diameters, should always 
be used in calculating speed ratios and belt speeds. 

The tension difference, or effective pull, that is required to transmit the 

load at each driven sheave can be obtained from the following equation. 

7-,- Ts = 1000 ^ (3.1) 
V v ’ 

where Tt = 

Ts = 
kW = 

T, 

r j _ j - 33,000 X hp 

tight-side tension, in newtons [pounds force] 

slack-side tension, in newtons [pounds force] 
power transmitted, in kilowatts [hp = horsepower] 

belt speed, in metres per second [feet per minute] 

effective pull, in newtons [pounds force] 
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It is customary to calculate tensions on the basis of a design power load 

that is somewhat greater than the average load to be transmitted, thus allow¬ 

ing for the effects of overloads or fluctuating loads. The design power for 

each driven wheel in a drive system is determined by multiplying the actual 

power by an appropriate service factor. Recommended values for service 

factors in agricultural machinery applications are included in reference 6 

and range mostly from 1.2 to 1.5. 

3,10. Tension Ratio. If the ratio between the tight-side and slack-side ten¬ 

sions is too great, belt slippage will be excessive. Slippage in a properly 

designed drive should not exceed 1 to 2%. If the ratio is smaller than it needs 

to be, unnecessarily high tensions will be needed for a given effective pull, 

thereby reducing belt life. The maximum allowable tension ratio is10 

R a 
(3.2) 

where e = base of natural logarithms = 2.7183 

6 = arc of contact, in radians, = deg X 7r/180 
k = a coefficient that reflects the friction and wedging effect be¬ 

tween the belt and the sheave or pulley 

In designing a drive with a V-belt in a V-sheave, a tension ratio of Ra„ = 5 

(allowable tension ratio for 180° arc of contact) is commonly assumed.6 This 

gives a value of k = 0.512. A somewhat higher tension ratio is permissible if 

automatic tensioning is provided. For a V-belt running on a flat pulley, a 

value of Raw = 2.5 is satisfactory (k = 0.292). 
When the arc of contact is less than 180°, the allowable tension ratio is 

less, as indicated by equation 3.2, thus requiring higher values of Tt and Ts 

for a given effective pull and power. For example, if an effective pull of 360 

N is required for the design power, values of Tt and Ts would be 450 N and 

90 N if the arc of contact on a grooved sheave is 180° (Rair = 5). But if the 
arc of contact is only 120°, the maximum allowable tension ratio is 2.9, re¬ 

quiring tensions of 549 and 189 N. Flat, backside idlers are often employed 

to effect tensioning and, at the same time, increase the arcs of contact on the 

loaded sheaves. . 
In a two-sheave drive without an idler, the smaller sheave is the critical 

one in regard to tension ratio (slippage) because it has the smaller arc of con¬ 

tact. In a V-flat, two-wheel drive without an idler, the sheave and the flat 
pulley have equal maximum allowable tension ratios when the arc of contact 

is about 130° on the sheave and 230° on the flat pulley. When a drive has 

more than one driven sheave or pulley, tensions must be determined in a 

cumulative manner. All tensions in the system must be adjusted so that no 

wheel has a tension ratio greater than its allowable value. In a multiwheel 

drive, the driver is usually the one most likely to slip. 
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3.11. Stresses and Service Life. Stresses in a V-belt drive arise from the 

effective pull needed for the power load, slack-side tension needed to prevent 

slippage, bending around each wheel, and centrifugal forces acting on the 

belt. The bending tension Tb in the outer fibers of a belt with a given cross 
section is inversely proportional to the wheel diameter. The tension due to 
centrifugal force may be expressed as10 

TC = WV2 (3.3) 

[ Tc = 8.63 X 1CT6 w V2] 

where Tc = centrifugal tension, in newtons [pounds force] 

w = belt mass, in kilograms per metre of length [pounds per foot 
of length] 

Fig. 3.4. Belt tensions in relation to position on a three-sheave drive. (Gates Rubber Co.6) 

The tensions in a three-sheave drive are illustrated in Fig. 3.4. T is the 
slack-side tension and the differences, T:~ Tv T - T , and T - T, repre¬ 

sent the effective pulls needed to transmit the power. Note that there is one 

peak tension at each wheel. It has been determined experimentally that a V- 

belt usually fails from fatigue caused by repetition of peak tensions and that 

the average fatigue life of a belt is predictable if loads are accurately known 
or can be estimated.1,6 

The Gates Rubber Company has developed a design method for 

predicting the service life of a V-belt that includes the effects of the following 
factors. 

1. The number of wheels on the drive. 

2. The design power for each wheel (including an appropriate service fac¬ 
tor for each driven wheel). 

3. Belt speed. 

4. The arc of contact for each wheel. 
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5. The sequence of loaded wheels and idlers on the drive. 

6. The pitch diameter of each wheel. 
7. The stress-fatigue characteristics and cross-sectional dimensions of the 

particular type and cross section of belt being considered. 

8. Belt length. 

This method is described in detail in reference 6, which includes details of all 

other steps involved in designing an agricultural V-belt drive.* The Gates 

manual also includes a table of recommended acceptable design service lives 

for belts on various farm implements or components. Adams' describes a 

design method that is similar to the Gates method. 
The Gates system is based on the determination (from an empirical equa¬ 

tion or nomographs6) of a “fatigue rate” corresponding to the peak tension 

for each wheel at a given belt speed. The units of the fatigue rate are 

millimetres [inches] of belt length per 100 h of life. The fatigue rates for the 

individual wheels are added together to obtain the total fatigue rate for the 
particular size and type of belt being considered for the drive. The calculated 

average service life of the belt at a given speed is 

Life, in hours = 
(Belt length, in millimetres [inches]) X 100 

Total fatigue rate 
(3.4) 

For a given tight-side tension and wheel pitch diameter, increasing the belt 

speed increases the fatigue rate, primarily because of the greater frequency 

of stress cycles but also because of increased centrifugal tension at high 

speeds. (The transmitted power would be increased also.) 

The relation of fatigue rate to tension and speed for each type or quality of 

belt and each cross section is determined experimentally by means of 

durability tests in the laboratory, from which constants in a generalized 

equation are evaluated. A typical curve for one speed is shown in Fig. 3.5. 

Essentially, a tension-fatigue-rate curve is the inverse of the usual S-N curve 

(fatigue cycles versus stress). 
In designing a drive, the sequence of the driven sheaves or pulleys affects 

the magnitudes of the peak tensions and hence the service life. If a multiple- 

sheave drive can be arranged so the belt leaving the driver comes to the 

driven sheaves in order of increasing power requirements, the magnitudes of 

tension peaks for the low-power sheaves will be minimized. Exceptionally 

small-diameter sheaves should be in belt spans of lesser tension to avoid the 

combination of a high tight-side tension and a high bending tension. An 

idler, if used, should be in the span with the least tension. 
Increasing the sheave diameters on a particular drive, if feasible, reduces 

both the bending stresses and the required effective pull and may even permit 

♦ In 1977, copies of this design manual6 were available from the Gates Rubber Company, 

free of charge, to instructors and students. 
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Fatigue rate, millimetres of belt length 

Per 100 hof life 

Fig. 3.5. Typical relation between tension and fatigue rate for one V-belt cross section and 

quality and one speed. (Gates Rubber Co.6) 

the use of a smaller belt cross secton. Centrifugal tension is seldom a 

limiting factor at speeds encountered in agricultural machinery drives. 

3.12. Variable-Speed V-Belt Drives. An adjustable-pitch V-belt sheave 
has provision for moving one face axially with respect to the other, thus 

changing the radius at which the belt operates. Some adjustable-pitch 

sheaves can be changed only when stopped, but others can be changed while 

in motion (Fig. 3.6). In this textbook, the term “variable-speed drive” im¬ 

plies the ability to change the speed ratio over the entire range of control 
while the drive is in operation and under load. 

Fig. 3.6. (a) Arrangement with two adjustable-pitch sheaves on fixed centers. (b) Double 

adjustable-pitch sheave with floating center. (E.G. Kimmich and W.Q. Roesler.'°) 
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Variable-speed V-belt drives have been employed extensively in the 
propulsion drives of self-propelled combines and to a lesser extent on other 
self-propelled machines, although hydrostatic drives are becoming in¬ 
creasingly popular for this type of application. Combine threshing cylinders 
and header reels sometimes have variable-speed V-belt drives. Cylinder 
drives represent rather severe conditions because of the high average power 
requirements at relatively low belt speeds and momentary extreme overloads 
from “slugging.” 

Belts designed specifically for variable-speed drives are wider than con¬ 
ventional V-belts in relation to their thickness. The extra width is necessary 
to obtain reasonable ranges of speed ratio as well as increased load 
capacities. Relatively thin belts are needed because minimum operating 
diameters are necessarily small in this type of drive. Also, the thickness sub¬ 
tracts from the total in-and-out movement of the belt for a given depth of 
sheave face. 

With adjustable-speed sheaves and V-belts* that conform to the ASAE 
standard (Tables 3.1 and 3.2), maximum speed-range ratios ranging from 
1.75 for HI belts to 1.9 for HM belts are obtainable when one adjustable- 
pitch sheave of the minimum allowable diameter is used in conjunction with 
a fixed-diameter sheave.f The. range for a given belt size varies inversely 
with the sheave diameter, since the maximum change in pitch diameter is 
fixed by the 26° groove angle and the belt top width (Fig. 3.6a). 

Table 3.2. DIAMETERS OF ASAE STANDARD 
ADJUSTABLE-SPEED SHEAVES* 

Belt 
Cross 

Section 

Recommended 
Minimum OD 

Maximum PD 
with Min. OD 

Maximum Belt 
Diam. Change 

mm in. mm in. mm in. 

HI 177.8 7.00 170.2 6.70 72.1 2.84 

HJ 222.2 8.75 212.8 8.38 94.7 3.73 

HK 266.7 10.50 255.3 10.05 117.3 4.62 

HL 311,2 12.25 298.0 11.73 140.2 5.52 

HM 355.6 14.00 340.4 13.40 162.8 6.41 

* ASAE Standard S211.3.2 

Because the belt moves axially as its radial position on the nonadjustable 
face of the sheave is changed, the belt will be in alignment for only one speed 
ratio when an adjustable-pitch sheave is used in combination with a fixed- 

*“ Adjustable-speed” is used herein to describe the sheaves and belts for a variable-speed 
drive, to conform to ASAE Standard S211.3. Although S211.3 also refers to “adjustable-speed 
drives,” use of the term “variable-speed drive” in relation to agricultural machinery is common 

practice. 
fMaximum speed ratios were 1.99 to 2.06 prior to the 1968 revision of the ASAE standard. 
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diameter sheave. The position of proper alignment should be at the midpoint 

of the adjustment range. In this type of arrangement, speed adjustment may 

be accomplished by (a) providing an axial thrust spring on the adjustable- 

pitch sheave and moving an idler, (b) having a spring-loaded idler and mov¬ 

ing the adjustable sheave face by means of a mechanical linkage, or (c) 

providing a thrust spring and varying the shaft center distance. 

The speed range for a combination of 2 adjustable-pitch sheaves is the 

product of the 2 individual ranges. When both sheaves have the minimum 

recommended diameter, the maximum speed ratio varies from 3.0 for HI 

belts to 3.7 for HM belts. The most common arrangement is with the two 

sheaves on fixed centers, as shown in Fig. 3.6a. If the faces Al and fi, are 

fixed axially while A 2 and 5, are moved simultaneously, proper belt align¬ 
ment is maintained at all speed ratios because the entire belt moves axially. 

For equal axial movements of the two adjustable faces, the required belt 

length will be greater for each extreme of adjustment than for the adjust¬ 

ment that makes the two legs of the belt parallel. Hence, if A2 and B] are 

moved by an interconnecting mechanical linkage, a spring should be 

provided in the linkage between the two sheaves to compensate for the 

changes in required belt length and maintain the proper belt tension. 

A simpler arrangement with two sheaves on fixed centers is to provide an 

axial thrust spring on one sheave and mechanically move the adjustable face 

of the other sheave. The design procedure for such a thrust spring is included 

in reference 6. This system provides automatic belt tensioning. 

A third arrangement has two adjustable-speed belts in tandem and a dou¬ 

ble adjustable-pitch sheave with floating center section, as shown in Fig. 

3-6b. The speed ratio is changed by moving the adjustable-pitch sheave along 

a path that keeps the sum of the required belt lengths constant as the floating 

center changes its lateral position. This system is subject to belt misalign¬ 

ment as discussed above for arrangements employing a single adjustable- 
pitch sheave. 

GEARS AND CHAIN DRIVES 

Both of these types of drive give constant speed ratios, gears being adap¬ 

ted to close-center, intersecting, or crossing shafts, and chain drives being 

used for parallel shafts with moderate center distances. Gears are usually en¬ 

closed so they can be protected and properly lubricated, whereas chain 

drives on agricultural machinery frequently operate in the open with 

periodic oiling, or sometimes with no lubrication at all on slow-speed chains 

in a dusty or dirty environment. Since gear applications on farm machinery 

are in general very similar to industrial applications, and since detailed 

design and selection information is available from many standard sources, 
no further discussion on this subject will be included here. 
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Standard-pitch roller chain Double-pitch roller chain 

Malleable-cast-iron, detachable- 
link chain 

Fig. 3.7. Four types of drive chain common on 

Pressed-steel, detachable-link chain 

farm machines. (Courtesy of Link-Belt Co.) 

3.13. General Considerations for Chain Drives. The pitch of a chain is the 

effective length of one link. Standard-pitch roller chain, double-pitch roller 

chain, and detachable-link chain (Fig. 3.7) are all common on agricultural 

machines. Standardized dimensions for each of these types have been adop¬ 

ted by the American Standards Association (ASA). 

In general, the load capacity of a chain is based upon the rate of wear 

rather than the ultimate strength. Because wear is mainly due to the hinge 

action as the chain engages or leaves a sprocket, the rate of wear is greater 

with small sprockets than with large ones. The rate of wear is also directly 

related to chain speed and inversely related to chain length. As a chain 

wears, the pitch length increases and the chain rides farther out on the 

sprocket teeth. The more teeth a sprocket has, the sooner the chain will ride 

out too far and have to be replaced. For this reason, speed ratios should not 

exceed 10 to 1 for standard-pitch roller chain or 6 to 1 for other chains.14 

Power ratings published in chain catalogs are for the relatively long life 

expected in industrial applications. As in designing V-belt drives, actual 

power requirements are multiplied by appropriate service factors to obtain 

design power. Because of the shorter life requirements on agricultural 

machines in comparison with industrial applications, somewhat greater 

loadings are often acceptable. However, unfavorable environmental condi¬ 

tions may tend to shorten the life. 
Chain selection for extremely slow drives is sometimes based on ultimate 
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strength rather than wear rate. With roller chains, the recommended max¬ 

imum ratios of working load to ultimate strength range from 0.2 at 0.13 m/s 

[25 ft/min] to 0.1 at 1.3 m/s [250 ft/min].12 Conventional, steel detachable 

chain has inherent stress concentration points that promote early 

fatigue failures if the chain is loaded to more than 10% of its ultimate 

strength. The pull required for a given power and speed can be determined 

from equation 3.1. Ts is assumed to be zero, since a chain should run with es¬ 

sentially no slack-side tension. Chain speed in m/s = (chain pitch, 

mm/1000) X (number of teeth on sprocket) X (sprocket r/min^-60). 

Since a sprocket is essentially a polygon with as many sides as there are 

teeth or pitches, either the chain speed or the angular velocity of the sprocket 

must vary as the chain engages or leaves the sprocket. The fewer teeth there 

are on the sprocket, the greater is the speed variation. Theoretically, a 10- 

tooth sprocket would give a variation of about 5%. Practically, however, 

small speed variations as well as sudden load shocks tend to be absorbed or 

cushioned by the natural elasticity of the chain and the catenary effect of the 

driving side. Although sprockets with as few as 6 teeth are available, sizes 

with less than 17 or 18 teeth are not recommended for high-speed drives. 

3.14. Detachable-Link Chain. Steel detachable-link chains are used ex¬ 

tensively on agricultural implements, both for transmitting power and in 

conveyors and elevators. This is the least expensive type of chain and it is 

well-suited for moderate loads at speeds not exceeding 2 to 2.5 m/s [400 to 

500 ft/min]. Under dirty conditions, detachable chains are subject to greater 

wear than roller chains because of the loose-fitting, open hooks. 

Detachable chains usually are not lubricated, because the lubricant would 
tend to retain grit particles in the joint. 

An improved type of steel detachable-link chain, developed in the early 

1950s, is said to have one-third more tensile strength than conventional steel 

detachable chain, and more than twice the fatigue strength.17 The hook is 

rolled up from material in front of the link rather than from the material 

punched out from the center. This “high-fatigue” steel detachable chain is 
more expensive than the conventional type. 

3.15. Standard-Pitch Roller Chain. Drives of this type are satisfactory at 

linear speeds from less than 0.5 m/s [100 ft/min] up to 20 m/s [4000 ft/min] 

and are well-suited for heavy loads requiring a compact drive. The 

maximum permissible speed decreases as the pitch is increased. Multiple- 

width chains of short pitch can be used for extremely compact drives at high 

speeds. Roller chains are precision-built and under favorable conditions may 
have efficiencies as high as 98 to 99%.12 

Sprockets may be driven from either the inside or the outside of a roller 

chain. Although oil-bath lubrication is recommended for high-speed drives, 

this system often is not practical on agricultural machines. Standard-pitch 

roller chain is several times as expensive as steel detachable chain. 
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3.16. Double-Pitch Roller Chain. This type of chain employs the same 

pins, bushings, and rollers as standard-pitch roller chain, but the side plates 

have twice the pitch. Thus, double-pitch chains have the same strength and 

precision as corresponding standard-pitch chains but less mass. They are less 

expensive than standard-pitch roller chains, but considerably more expen¬ 

sive than steel detachable chain. Double-pitch chains are suitable for slow 

and moderate-speed drives. Because the roller diameter is only 5/i6 of the 

pitch, there is ample space for sprocket teeth, and precision, cast-tooth 

sprockets are satisfactory (more economical than machine-cut teeth). 

To further reduce the cost of this type of chain, an agricultural double¬ 

pitch chain has been developed that is dimensionally the same as the regular 

double-pitch chain but has a lower cost because of different materials and 

because the joints have more clearance, thus permitting greater manufactur¬ 

ing tolerances. Performance is said to be somewhat inferior to that of 

regular double-pitch chain.17 

3.17. Self-Lubricating Chain. During the 1950s several companies 

developed chains that are physically interchangeable with standard-pitch 

and double-pitch roller chains but which are self-lubricating.5 This type of 

chain has oil-impregnated, sintered-steel bushings at the joints, 

replacing the bushings and rollers of conventional roller chain. It was 
designed for applications where external lubrication is impossible or imprac¬ 

tical. Many farm machinery applications fall into this category. Because this 

chain does not have rollers, it is not recommended for high speeds or ex¬ 

tremely heavy loads. 
The cost of standard-pitch or double-pitch self-lubricating chain is the 

same as that of the corresponding size of conventional roller chain. Ultimate 

strengths are perhaps 5 to 20% lower. Laboratory tests and field experience 

have indicated that, for a given load and a given allowable percentage 

elongation due to wear, the service life of a self-lubricating chain is several 

times as great as that of nonlubricated conventional roller chain. But, where 

a conventional chain can be adequately lubricated, it will out-perform the 

self-lubricating chain. 

OVERLOAD SAFETY DEVICES 

In many types of farm machinery, a single power source drives various 

components that have widely differing power requirements and are subject 

to varying degrees of possible overload. In such a system some overload 

protection is almost mandatory, especially for the lower-powered compo¬ 

nents. Three general types of safety devices commonly used in rotary drives 

are: (a) those that depend upon shearing of a replaceable connecting member 

in the drive, (b) units in which spring force holds two corrugated members 

together, utilizing the principle of the inclined plane, and (c) devices 

depending entirely upon friction. 
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3.18. Shear Devices. This type of device is simple and relatively inexpen¬ 

sive, but the sheared element must be replaced after each overload. Thus, it 

is most suitable where overloads are rather infrequent. Shear devices can be 

designed for almost any desired load rating, although pin or key sizes 

become rather small for low torque ratings unless a material with low shear 

strength is selected. Typical arrangements for shear devices are: 

1. Shear key between shaft and hub (usually brass key, with tapered shaft 
and bore). 

2. Diametral shear pin through hub and shaft (gives double shear). 

3. Flange-mounted shear pin parallel to shaft, as illustrated in Fig. 3.8. 

Regardless of the arrangement, the driving and driven members must 

rotate freely with respect to each other after the shear element has failed. 

With either of the first two types, the shaft or bore is likely to be scored by 

the sheared element. Removal of the hub from the shaft may be necessary in 
the first type to replace a sheared key. 

The flange-mounted shear pin is the most easily replaced, but the unit is 

more costly than a diametral pin and not as well-adapted to low torques 

because of the greater radius to the shear section. For experimental testing, 

interchangeable pins necked down to different diameters can be used to vary 

the load at which failure occurs. In production units, a full-sized pin of an or¬ 

dinary material (such as hot-rolled steel) is desirable for convenience of 
replacement by the operator. 

Fig. 3.8. An arrangement with a flange-mounted shear pin. The hardened shearing inserts 

could be omitted, particularly if overloads are expected only infrequently or if necked-down 

shear pins are used. 
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The torque at which a flange-mounted shear pin will fail is 

T=rs{JL ^ Sexier3 (3.5) 

[T=rs(^d*Ss)] 

and the power is 

kW = 2 - — = 8.225 N r d] S, X 10“8 (3.6) 
60 X 1000 5 1 5 

[hp = 1.246 TV rs d\Ss X 10~5 ] 

where T = torque, in newton-metres [pound-force-inches] 

N = shaft speed, in revolutions per minute 

rs = distance between shaft center and shear-pin center (Fig. 3.8), in 
millimetres [inches] 

d\ = diameter of shear pin at shear section, in millimetres [inches] 

Ss = ultimate shear strength of shear pin, in megaspascals 

[pounds force per square inch] 

Similarly, a diametral shear pin (double shear) will fail when 

kW = 8.225 1\ Dd> SsX 10~8 (3.7) 

[hp = 1.246 N Dd] Ss X 10"5 ] 

where D = shaft diameter (diameter at which shear occurs), in millimetres 

[inches] 

3.19. Jump Clutch. A jump clutch has rounded, mating jaws or corruga¬ 

tions that are held together by an adjustable spring. In Fig. 3.9, part A is 

Fig. 3.9. Typical arrangement of a jump clutch. 

(Courtesy of International Harvester Co.) 

keyed to the shaft and part B, the driving member, is free to rotate on the 

shaft when an overload occurs. The overload torque required to rotate B 
with respect to A and cause jumping is a function of the slope of the inclined 

corrugation faces, the coefficient of friction between the faces, the effective 

radius from the shaft centerline to the contact area, and the force required to 

compress the spring and permit axial movement of B with respect to A. 
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The spring must have sufficient deflection available so it is not com¬ 

pressed solid before the relative displacement of the two corrugated faces is 

sufficient to permit jumping. Although friction between the corrugated faces 

influences the magnitude of the torque required for jumping, the unit would 

function (at a lower torque) even if the coefficient of friction were zero. 

Because of its automatic resetting feature, the jump clutch is more 

suitable than shear devices where overloads may occur rather frequently. 

There is no slippage until the load exceeds the setting of the unit, and then 

the operator is warned audibly that an overload has occurred. Jump clutches 

are more expensive than shear devices and are not well-suited to large loads 

because of the excessive physical size required. When they are jumping, they 

impose high shock loads upon the drive system. 

The magnitude and variability of the friction force required to slide the 

movable member axially can have an important effect upon the torque re¬ 

quired to cause jumping. To minimize the axial friction force, the torque 

should be transmitted to or from the movable member at a relatively large 

radius, as with a sprocket or sheave, rather than through splines or a key in 
the shaft. 

3.20. Friction Devices. A properly designed belt drive can serve as a fric¬ 

tion safety device, although its performance is affected by variations in belt 

tension and by the increase in coefficient of friction as the percentage of belt 

slip increases. The performance is more consistent with a spring-loaded idler 
than with a fixed adjustment. 

Single-plate clutches with two friction surfaces, similar to tractor or 

automotive clutches, are often used for overload protection. The spring 

pressure is adjusted to drive normal loads but slip under abnormal loads.8 In 

comparison with jump clutches, friction safety clutches have the advantages 

of more consistent breakaway torque and no damaging peaks during slip¬ 

page. However, tests have shown that the momentary dynamic torque 

capacity under sudden load application may be 2 to 3 times the static value.8 
Friction clutches are very effective in protecting a drive from high- 

frequency peak torques, as discussed in Section 3.29. But under some condi¬ 

tions it is possible to have a friction clutch slipping sufficiently to become 

overheated without the operator being aware of the overload. 

UNIVERSAL JOINTS 

3.21. Single Joints. The type of universal joint generally used on farm 

machinery is known as the Cardan or Hooke joint (Fig. 3.10). A single joint 

operating at an angle does not deliver uniform angular output velocity. 

Figure 3.11 shows the lead or lag of the driven shaft for one-half revolution, 

with the universal operating at various joint angles a. The cycle repeats itself 

for each 180° of rotation. The rotational fluctuation is small when the joint 
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Fig. 3.10. A Cardan or Hooke universal joint. Roller bearings are commonly used in power- 

transmission joints. The ends of the trunnions of the center cross and the bottoms of the bearing 

caps are precision ground, thereby forming thrust bearings. (F.M. Potgieter. Agr. Eng., Jan., 

1952.) 

angle is 10°, but when the angle is 40° the total fluctuation for a single joint 

is 15°. 

The curves in Fig. 3.11 are based on the well-known equation18 

tan 02 
-= cos a 
tan 0, 

(3.8) 

where 0, = angle of rotation of the driving shaft from the initial position 

shown at the upper left in Fig. 3.11 

02 = corresponding angle of rotation of the driven shaft 

a = joint angle (Fig. 3.11) 

The lead or lag of the driven shaft is 02 - 0,, a negative sign indicating 

'lag. The peak lag and peak lead occur when the average angle of rotation of 

the 2 shafts is 45° or 135°, respectively, from the indicated reference posi¬ 

tion in Fig. 3.11. Thus the peak lag occurs when the driving shaft is past 45° 

by an amount equal to half the peak lag, as indicated by the broken line in 

the lower half of Fig. 3.11. 
The relation between the angular velocities of the output and input shafts 

is18 

where o>. 

1 — sin2 a sin2 0, 

angular velocity of the input (driving) shaft 

angular velocity of the output (driven) shaft 

(3.9) 
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position of the driving shaft. 

The velocity ratio, co2/oj,, is maximum when 0i = 90° and minimum when 

0i = 0° or 180°. From equation 3.9, the maximum ratio is 1 /cos a artd the 

minimum ratio is cos a. With uniform input velocity, the angular-velocity 

fluctuations of the output shaft are about ±15% when the joint angle is 30° 
and ±6% for a joint angle of 20°. 

3.22. Multijoint Combinations. When two universal joints are connected 

in series, the angular displacement and velocity fluctuations will cancel if (a) 

the joint angles are equal, and (b) the joints are 90° out of phase. The output 

shaft will then have a uniform angular velocity (assuming uniform input 

velocity), but the intermediate shaft must still be accelerated and decelerated 
twice during each revolution. 

If the 3 shafts connected to the 2 joints all lie in the same plane, the proper 

phase relation is obtained by having the yokes on the intermediate shaft in 

line. The output and input shafts may be parallel or the joint angles may be 

additive. If the shafts connected to one of a pair of joints are in a different 

plane than the shafts connected to the other, the proper phase relation is ob¬ 

tained by having the yokes on the intermediate shaft out of line by an 

amount equal to the angle between the 2 planes, so these 2 yokes will lie in 
the 2 planes simultaneously. 

When three or more universal joints are used in series, the problem of 

orienting the shafts and joints to produce uniform angular velocity (or 

minimize fluctuations) in the final driven shaft is rather complex. If the joint 

angles are known or assumed, the best phase relations can be determined by 
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vector analysis. Reference 18, which is an excellent treatise on all phases of 

universal-joint relations and applications, includes a description of the 

vector-analysis method and of another system called “90° system phasing” 

that is sometimes applicable. The theory behind the vector method is dis¬ 

cussed in reference 3. 

If the best combination of phase relations for a particular combination of 

joint angles is not acceptable, one or more of the joint angles must be 

changed and the analysis repeated. Another approach is to study different 

combinations with a model setup having degree indicators at each joint. 

3.23. Joint-Angle Limitations. The maximum permissible angle between 

shafts depends upon the type of drive, the torsional flexibility of the shafts, 

the inertia of the rotating parts, the speed, and the desired life. Figure 3.12 il¬ 

lustrates the effect of joint angle upon the magnitude of cyclic peak torques 

for a specific drive situation. In these tests a 22.4 kW electric dynamometer 

was driven at 560 r/min by a tractor, through a typical power-take-off 

arrangement. With a single joint, peak torque values increased rapidly with 

joint angle and the increase was substantial even at only 8 to 10° joint 

angles. 

Fig. 3.12. Effect of universal-joint angularity on maximum and minimum instantaneous peak 

torque values when transmitting 22.4 kW. (M. Hansen.7) 

Even when 2 joints were properly phased and operated at equal angles, 

peak torques were increased 20% when the joint angles were changed from 

zero to 20°. The velocity fluctuations in the intermediate shaft were at least 
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partly responsible for the increase in peak torques. Although angles con¬ 

siderably greater than 20° in 2-joint systems may sometimes be acceptable 

— continuously under some conditions and intermittently under others — 

maintaining minimum joint angles during normal operation is important. 

Torque fluctuations can be reduced by introducing torsional elasticity into 

the drive. V-belts also help absorb the angular fluctuations. Constant- 

velocity universal joints have been developed primarily for vehicle front- 

wheel drives, but these are too expensive for farm machinery applications. 

3.24. Universal-Joint Shafts. Provision for axial movement of the shafts 

in a drive containing universal joints is important. This is usually provided 

by telescoping shafts and tubes or by splined connections. If the sliding con¬ 

nection is between two joints, the telescoping part should be keyed in some 

manner to ensure assembly with the correct orientation of yokes. 

A universal joint operating at an angle and transmitting torque tends to 

try to eliminate its angle and bring the two shafts in line, thus setting up 

bending moments in the shafts. These secondary couples are cyclic, with 2 

stress reversals and 2 peaks occuring in each revolution. The shaft con¬ 

necting two universal joints needs to be stiff enough to prevent whip but 

should have a low polar moment of inertia to minimize torque variations due 

to its velocity fluctuations. It is particularly important that the operating 

speed be below the critical speed* of the shaft. For these reasons, non¬ 
telescoping connecting shafts are usually tubular members. 

POWER-TAKE-OFF DRIVES 

3.25. Applications. Mechanical power-take-off (PTO) drives on tractors 

have been available for many years, and their use has steadily increased. 

Remote hydraulic motors, powered from the tractor hydraulic system, are a 

relatively recent development. This type of drive is discussed in Chapter 4. 

The introduction of the independently controlled PTO in the 1940s greatly 

increased the versatility of power-take-off drives in comparison with the 

transmission-driven PTO. An independent power-take-off is connected 

directly to the engine through its own clutch, thus permitting forward travel 

to be stopped without interrupting the operation of the implement. 

Power-take-off drives are used on many types of trailed or mounted har¬ 

vesting equipment, on many sprayers, and on rotary or vibratory tillage im¬ 

plements. Pull-type field forage choppers, corn pickers, and stalk cutters and 

shredders employ PTO drives almost exclusively. The larger pull-type com¬ 

bines, although relatively few in number, all have PTO drives. The 

availability of large tractors with 1000-rpm PTO outlets capable of 

transmitting the full tractor power output have made this type of drive feasi¬ 
ble for these larger machines. 

The critical speed of an assembly is the speed at (or above) which excessive vibration sets in. 
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3.26. Standardization of Power-Take-Off Drives. The development and 

adoption of an ASAE standard that now specifies two PTO speeds has 

provided a basis for easy attachment and interchangeable use of PTO-driven 

implements with various makes and models of tractors.2 Prior to 1958, the 

only standard speed was 536 r/min. But with the advent of larger tractors, 

this speed was too low to transmit the available power without excessive tor¬ 

que. Consequently, a second standard speed, 1000 r/min, was adopted in 

1958. The other standard speed was changed to 540 r/min at the same time. 

Two shaft sizes are specified for the 1000-r/min speed and one for 
540 r/min. 

The standard includes dimensional specifications for the PTO shafts on 

the tractor and the relative locations of the shafts and the drawbar hitch 

point. The splines for the two speeds are different to prevent accidentally 

connecting an implement to the wrong speed. Some of the pertinent 

specifications are shown in the following table, in which the dimensions A, 
B, C, and D refer to Fig. 3.13. All dimensions are in millimetres [inches]. 

Shaft diameter 

540 r/min 

35 [ 1% ] 
Dimension A 356 [14.0] 

Dimension C 330 to 432 

Dimension D 
[15 ± 2] 

152 to 305 

Dimension B 

(203 preferred) 

[6.0 to 12.0] 

[8.0 preferred] 

-25 to + 127 

[-1.0 to + 5.0] 

1000 r/min 1000 r/min 

35 [ 1%] 45 [ 1 % ] 
406 [16.0] 508 [20.0] 

330 to 432 432 to 533 

[15 ± 2] [19 ± 2] 

152 to 305 203 to 254 

(203 preferred) (229 preferred) 

[6.0 to 12.0] [8.0 to 10.0] 

[8.0 preferred] [9.0 preferred} 

-25 to + 127 -25 to+ 127 

[-1.0 to + 5.0] [-1.0 to+5.0] 

Fig. 3.13. Standardized locations for the PTO shaft and drawbar hitch point on agricultural 

tractors. The hitch point is to be directly beneath the extended center line of the PTO shaft. 

(ASAE Standard S203.8.) 
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The standards also contain specifications regarding safety shields. Con¬ 

siderable attention has been given to this matter because PTO drives have 

been a substantial contributor to injuries and fatal accidents caused by farm 

machines. Early safety shields consisted of a telescoping sheet-metal cover 

tunnel that was pivotally attached to the implement and could easily be at¬ 

tached to the master shield on the tractor. Tunnel shields are effective when 

in place, but frequently they are removed and not replaced. 

A more foolproof arrangement is an integral, smooth tube that surrounds 

the shaft and has a bell housing to partially cover each universal joint (Fig. 

3.14). The tube is journaled on the PTO shaft and normally rotates with it, 

Quick- disconnect pin for tractor PTO 

Fig 3.14. A telescoping PTO shaft with integral safety shield. (Courtesy of Neapco Products, 

Inc.) 

but can stop if contact is made with a person or any foreign object, the PTO 

standards specify this type of shield. Full integral shielding goes one step 

further by providing complete coverage of each joint with interlocking bell 

housings. A standard has been developed for this type of shielding.2 

3.27. Power-Take-Off Drives with Two Universal Joints. Figure 3.15 
shows a typical two-joint PTO drive for a pull-type implement. Ideally, the 

90° angle between 

Fig. 3.15. Plan view of a PTO drive with two universal joints, for a pull-type implement. 
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hitch point should be midway between the two joints so the joint angles 

would be equal for any turning position of the implement with respect to the 

tractor. In practice, however, it has been found that if the ASAE standard 

dimension of 356 mm [14 in.] from the hitch point to the end of the PTO 

shaft (540 r/min) is used, it is necessary to have the rear universal a little 

farther from the hitch point to obtain sufficient telescoping action for sharp 

turns. 

With this arrangement, the two joint angles are not equal when the imple¬ 

ment is on a turn (Table 3.3) and there will be an increasingly serious fluc¬ 

tuation of angular velocity as the implement is turned more sharply. The 

standard distances from the PTO shaft to the hitch point are greater for the 

two 1000-r/min systems (Section 3.26), so the problem of unequal angles is 

minimized or eliminated for the higher PTO speed. 

Table 3.3. COMPARISON OF UNIVERSAL-JOINT 

ANGLES FOR POWER TAKE-OFF DRIVES 

ILLUSTRATED IN FIG. 3.15 and 3.16 

Angle Between 

Implement 

and Tractor. 

Degrees 

Angles in Universal Joints, Degrees 

Two-Joint Drive Three-Joint Drive 

Front 

Joint 

Second 

Joint 

Front 

Joint 

Second, 

Joint 

0 0 0 0 0 

30 16 14 12 18 

50 27 23 21 29 

70 38 32 33 37 

90 50 40 51 39 

Some pull-type implements with 2-joint drives have the rear joint con¬ 

siderably farther behind the hitch point than shown in Fig. 3.15, usually 

because it is more convenient and economical to mount the rear joint on the 

shaft of a gear box whose position is fixed by other considerations than to in¬ 

stall a 3-joint system. Such an arrangement causes large velocity fluctua¬ 

tions on sharp turns and, hence, should be employed only when relatively 

light loads are involved. 
3.28. Three-Joint Power-Take-Off Drive. Figure 3.16 shows the plan view 

of a three-joint PTO drive having the implement shaft normally in line with 

the tractor PTO shaft. Note that the telescoping action is between the 2 rear 

joints, with a fixed-length shaft between the 2 front joints. This type of drive 

requires more longitudinal space than the two-joint arrangement, but a 

longer telescoping distance can be provided. It is well-suited for corn 
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Fig. 3.16. Plan view of a typical three-joint drive having the implement shaft in line with the 

tractor PTO shaft. (F.M. Potgieter. Agr. Eng., Jan., 1952.) 

pickers, field choppers, pull-type combines, and other implements with long 

tongues. It is not suitable for hay balers having short tongues. 

With a fixed distance between the two front joints, it is geometrically im¬ 

possible to have these joints equidistant from the hitch point for all turning 

angles of the implement. Thus a compromise is made, with the second joint 

being closer to the hitch point when the implement is not turning and farther 

than the front joint when the implement is turned 90° from the tractor. 

With the arrangement shown in Fig. 3.16, the rear joint operates prac¬ 

tically straight at all times and hence creates only minor velocity fluctua¬ 

tions. The joint angles for the two front joints are indicated in Table 3.3 for 

various implement turning angles. Note that the second joint has the greater 

angle for a 70° implement turn but a smaller angle than the front joint for a 

90° turn. The drive will be quite rough for an implement turn of 90°. 

If the driven shaft of the implement is offset from the centerline of the 

tractor PTO shaft so that the normal operating angle of one or both of the 

intermediate shafts is greater than about 15 to 20° from the line of the PTO 

shaft, serious velocity fluctuations may occur on sharp turns in the field. 
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Fig. 3.17. Plan views of two arrangements for a three-joint, offset PTO drive. Note the dif¬ 

ference in phasing of the right-hand joint in the two arrangements. 

Figure 3.17 shows two possible arrangements for obtaining the offset. With 

the joints phased as indicated, either system theoretically provides uniform 

velocity of the driven shaft when the implement and tractor are in line. On 

sharp turns the lower arrangement is considerably better than the upper one, 

having smaller maximum joint angles and much less fluctuation in angular 

velocity. For a given amount of offset, it has the disadvantage of requiring 

greater joint angularities in the normal operating position. 

Application of the vector-analysis method mentioned in Section 3.22 

might yield a better combination of joint angles and phase relations for the 

offset-shaft situation. Any combination that looked promising would need 

to be checked for various implement turn angles. 

3.29. Loads Imposed on Power-Take-Off Shafts. Extensive tests with fast- 

responding hydraulic and electronic torque meters have indicated that 

average power or torque requirements have little value as a basis for design¬ 

ing PTO drive parts.7 Maximum instantaneous (high-frequency) peak 

torques are of far more importance because of the resulting fatigue stresses. 
These peak loads vary tremendously and are influenced by the following fac¬ 

tors (in addition to joint angles as discussed in Section 3.23). 

1. The amount of kinetic energy stored in the rotating parts of the tractor. 

2. The moment of inertia of the implement’s rotating parts. 

3. The amount of resilience in the drive between the heavy rotating parts 

of the tractor and the rotating parts of the driven implement. 

4. The PTO power available from the tractor. 

5. The average power required to operate the implement. 

6. The type of load (peak torque requirements of the implement). 

The first three of the above items have a great deal more influence on the 
magnitude of peak torques than do the last three.7 This is particularly true 
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when PTO drives are used on implements such as balers, hammer mills, field 

choppers, and combines, which have variable loads capable of causing very 

rapid changes in PTO rotating speeds. Hansen7 measured maximum and 

average torque values with these implements operating under various condi¬ 

tions that might be encountered in regular service. His results show that, 

even under normal operating conditions, peak torques for the baler were 4 to 

6 times as great as the average values. With a field chopper and a combine, 

peak torques under normal conditions usually were about twice as great as 
the average values. 

Peak torques can be limited to any desired value by the use of a friction 

slip clutch in the PTO drive, as indicated by the two lower curves in Fig. 

3.18. However, many implements that are subject to occasional plugging or 

infrequent overloads now take advantage of the fact that PTO drives can ab¬ 

sorb occasional peak loads about twice as great as the maximum allowable 

values for infinite fatigue life. A protective device cannot be expected to limit 

loads to values within the infinite-fatigue-life specifications and yet permit 

occasional torsional loads of twice that magnitude. In these cases it is par¬ 

ticularly important that the normal high-frequency torsional peaks of the 

implement be within the infinite-fatigue-life limit of the drive so the protec¬ 

tive device can be adjusted to allow the occasional higher loads. 

Normal operation, standard drive 

Normal operation, slip clutch in drive 

Fig. 3.18. 

Heavy operation, slip clutch in drive 

Torque-meter charts for a PTO-driven baler with and without a friction slip clutch. 

(M. Hansen.7) 

3.30. Recommended PTO Load Limits. Excessive PTO loads from an im¬ 

plement can cause premature failure in either the tractor components or the 

implement drive system. The implement designer has the responsibility for 

investigating the PTO load characteristics of his implements and making 
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any practical corrections that will reduce excessive peak torques. Designing 

for minimum joint angles during normal operation (implement not turning) 

is important. Overload safety devices should be provided when needed. 

To assist tractor manufacturers and implement manufacturers in 

providing suitable PTO drive systems, the ASAE has adopted an official 

recommendation entitled, “Operating Requirements for Power-Take-Off 

Drives” This recommendation2 discusses the importance of proper hitching, 

adequate telescoping action of the power shaft, and provision to prevent 

locking of universal joints when the implement is on a sharp turn. It specifies 

the maximum bending load to be imposed upon the tractor PTO shaft and 

recommends torque-limit settings for power-line protective devices under 

various types of loading. 

Tests have indicated that when a conventional, square telescoping shaft is 

transmitting large amounts of torque, the axial force required for telescop¬ 

ing action can be as high as 65 to 90 kN [1500 to 2000 Ibf], even when 

greased.15 A dry shaft may require 90 kN when transmitting only 15 kW [20 

hp]. 

To protect against damage due to excessive telescoping force, the ASAE 

recommendation specifies that an implement which is capable of being 

loaded with a continuous PTO torque in excess of 340 N-m [3000 lbf-in.j 

(which represents 35 kW [47 hp] at 1000 r/min and 19 kW [26 hp] at 540 

r/min) is to be equipped with a low-friction telescoping shaft incapable of 

transmitting an axial thrust of over 6.67 kN [1500 lbf]. Driveline shafts with 

either recirculating-ball or nonrecirculating-ball telescoping sections are 

available to meet this need. 
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PROBLEMS 

3.1. An HB-section V-belt is to transmit 5 kW at a belt speed of 17 m/s. The included angle 

between the sides of the belt cross section is 38° and the belt density is 1.25 gm/cm3. The arc of 

contact on the smaller sheave is 150°. Tensioning is accomplished by changing the position of 

an adjustable idler (not automatic). 

(a) Calculate T{ and Ts. 
(b) Calculate the centrifugal tension, Tc. 

3.2. A V-belt drive has 2 sheaves with effective outside diameters of 125 mm and 348 mm. 

One shaft is to be movable for take-up and the desired center distance is about 460 mm. 

(a) Using ASAE Standard S211 and the examples therein, select the best normally available 

effective belt length for an HA belt and determine the maximum and minimum center distances 

needed for installation and take-up. 

(b) Calculate the r/min of the larger sheave if the smaller sheave turns at 1250 r/min. 

3.3. Lay out to scale a variable-speed drive of the type shown in Fig. 3.6b. Assume that at 

one extreme of the speed range (shown in Fig. 3.66), sheave pitch diameters, from top to bot¬ 

tom, are 152, 254, 137, and 229 mm; center distance from top sheave to adjustable-speed sheave 

= 460 mm; center distance from adjustable-speed sheave to lower sheave = 430 mm; and the 

angle between the 2 lines joining the 3 centers is 100°. Determine the path of movement of the 

adjustable-sheave shaft center that will keep the sum of the required belt lengths constant. Refer 

to ASAE Standard S211 for the method of determining the relation between belt length and 

center distance, or use graphical methods with a large scale. Plot at least four points along the 
path. State basic assumptions and indicate the procedure used. 

3.4. A 330-mm-OD adjustable-pitch sheave, operating at a constant r/min, drives a 305- 

mm-OD adjustable-pitch sheave through an HK-section V-belt. The center distance between 

the shafts is fixed, as in Fig. 3.6(2. Using dimensions given in Table 3.1, calculate the ratio of 

maximum r/min to minimum r/min for the driven sheave. 

3.5. (a) Compute the theoretical percentage variation in speed of a chain as it leaves an 8- 

tooth sprocket rotating at a uniform speed. 

(b) Repeat for an 18-tooth sprocket (which is about the minimum size normally 
recommended for high speeds). 

3.6. A 9-tooth sprocket operating at 200 r/min drives a 23-tooth sprocket through No. 45 

steel detachable-link chain. The pitch of this chain is 41.4 mm and the ultimate strength is 9.34 
kN. Calculate: 

(a) Average linear speed of chain, in metres per second. 
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(b) Recommended maximum power, in kilowatts. 

(c) Average torque applied to the driven shaft when the recommended maximum power is be¬ 

ing transmitted. 

3.7. (a) Specify the location of a 2.38-mm flange-mounted steel shear pin (Ss = 310 MPa) 

which will fail at 4.5 kW when the speed is 650 r/min. 

(b) What size diametral shear pin would be required if the shaft diameter is 25 mm? 

3.8. The 2 universal joints of a pair are operating at joint angles of 30°aand 22°, respectively. 

The input shaft, intermediate shaft, and output shaft are all in the same plane, and the yokes on 

the two ends of the intermediate shaft are in line. 

(a) Calculate the lead or lag in each joint for each 15° increment of rotation of the input shaft, 

from 0 to 90°. 

(b) Plot lead or lag versus degrees rotation of the input shaft, showing a curve for each joint 

and one for the system. On each joint curve, indicate where the peak occurs. 

(c) What change might be made in this drive system to provide uniform rotation of the output 

shaft? 

3.9. Let co,, o>2, and co3 be the instantaneous angular velocities of the input, intermediate, and 

output shafts of a two-joint drive system. 

(a) Assuming the 2 joints are 90° out of phase and have joint angles of aj and o^ , derive an 

expression for the maximum value of the velocity ratio o>3 /a>, during each cycle. At what value 

of does the maximum ratio occur? (Note: will depend upon whether a2 is larger or smaller 

than ctj.) 
(b) Compare maximum velocity ratios at 30°, 50°, and 70° implement turn angles for the 2 

systems represented in Table 3.3. In each case give the value of <j>{ at which the maximum ratio 

occurs. 

3.10. (a) For each of the PTO drive arrangements shown in Fig. 3.15 and 3.16, calculate the 

amount of telescoping action required in turning the implement through a 90°' angle. 

(b) For each arrangement, determine the additional amount of telescoping required if the in¬ 

side rear wheel of the tractor drops into a 300-mm ditch while the implement is turned at 90°. 

The tractor PTO shaft centerline is 200 mm above the level of the drawbar hitch point and the 

tractor rear wheel tread is 1.52 m. Assume all shafts remain horizontal. 



Hydraulic Power Transmission 
and Implement Controls 

4.1. Introduction. Hydraulic controls and actuators for adjusting the 

depth or position of implements and functional components have been used 

extensively for many years. Tractor hydraulic control systems are utilized 

for mounted or pull-type equipment, with remote cylinders for pull-type im¬ 

plements considered to be part of the tractor systems. Most types of self- 

propelled machines also have hydraulic control systems. 

The implement designer needs to be familiar with the various types of 

hydraulic systems on tractors in order to utilize them to the best advantage. 

He should work with the tractor engineer to ensure maximum compatibility 

between the implement requirements and the tractor system. The implement 

designer has the full responsibility for any hydraulic systems employed on 
self-propelled machines. 

Hydraulic control systems, in addition to providing conveniently located 

and easily operated control levers, are extremely flexible in regard to ap¬ 

plication possibilities. Hydraulic actuators (cylinders, motors, etc.) may be 

mounted in any desired location on the tractor or the implement, with oil be¬ 

ing transmitted to and from them through flexible hoses. Depth or position 

can be changed easily and .safely while the machine is moving, and the speed 

of changing is adjustable or controllable. With appropriate sensing devices, 

cylinders can be made to respond automatically to changes in some 

parameter, as in automatic control of implement draft or automatic control 
of the header height on a combine. 

An electric remote-control system to replace certain hand functions on 

pull-type implements became commercially available in 1970.1-6 This system 

is designed for low-force functions only, and is intended to supplement 

hydraulic controls. One application is on field choppers, where electric- 

motor-driven units can be utilized to rotate the delivery spout, change the 

spout deflector angle, and control the feed-roll drive. Performing operations 

of this type by hand from the tractor operator’s station, through ropes, 

levers, or cranks, is awkward and hazardous at best and becomes difficult or 

impractical when the tractor is equipped with a cab. For low-force applica¬ 

tions, electric actuators are said to be simpler, more compact, and less ex- 

80 
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pensive than hydraulic controls and actuators.15 

A major development in agricultural equipment during the 1960s was the 

application of hydrostatic propulsion drives to self-propelled machines and 

tractors and the increasing use of hydrostatic drives (hydraulic motors) for 

certain types of functional components on self-propelled harvesting equip¬ 

ment and on some pull-type, implements. 

Hydrostatic rotary drives provide stepless change of output speed under 

load, easy reversal of rotation, automatic overload protection with a simple 

pressure relief valve, and no damage from stalling the hydraulic motor. 

Hydraulic drives simplify the transmission of power to locations remote 

from the power source and are especially advantageous on machines with 

complex drive requirements. They are better than mechanical systems if the 

power-requiring unit must be movable through a wide range of positions 

with respect to the power source. 
Hydraulic power transmission systems are more expensive than 

mechanical systems. Hence, they are used primarily in situations where 

some of the characteristics mentioned in the preceding paragraph are impor¬ 

tant enough to warrant the extra expense or where the annual use is rela¬ 

tively high. Hydraulic pumps and motors usually have efficiencies of 75 to 

90%, but multiple-function systems can be extremely inefficient if the com¬ 

ponents are not properly balanced in regard to pressure and flow require¬ 

ments. Low efficiencies are not serious for intermittent operation but they 

are of concern for continuous operation because of heat-dissipation require¬ 

ments and the waste of engine power. 

4.2. Basic Components of a Hydraulic System. In a hydrostatic power 

transmission system, energy is transmitted between the pump and one or 

more actuators in a closed path, usually at relatively high fluid pressures and 

relatively low velocities. Power inputs and outputs at a given flow rate are 

reflected as changes in fluid static pressure. By contrast, a hydrodynamic 

drive such as a torque converter involves high fluid velocities, and the energy 

transfer to the output unit comes mainly from changes in kinetic energy of 

the fluid. All hydraulic systems discussed in this chapter operate on the 

hydrostatic principle. 
The basic elements of a hydraulic system include a reservoir, a pump, one 

or more actuators, control valves, and associated plumbing. With a fixed- 

displacement pump or a closed-loop system, one or more pressure relief 

valves are needed to protect system components. Relief valves are desirable 

for added protection when a pressure-compensated, variable-displacement 

pump is employed. Adequate filtration and the use of fluids having proper 

characteristics for hydraulic systems are important. When substantial 

amounts of power are to be transmitted continuously, heat exchangers are 

usually provided to cool the oil. 
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4.3. Types of Systems. The hydraulic systems employed on agricultural 
machines may be classified as 

1. Constant-flow, variable-pressure systems. 
2. Constant-pressure systems. 
3. Variable-flow, variable-pressure systems. 

In a constant-flow system, a fixed-displacement pump operates con¬ 
tinuously, the output being bypassed back to the reservoir at low pressure 
when not needed for any function. The two usual bypass methods are 
through open-center valves and through pilot-operated bypass valves. When 
all the open-center valves in a circuit are in the neutral position, an open 
bypass from the pump back to the reservoir is provided through the valves. 
In the pilot-operated bypass arrangement, all control valves are of the 
closed-center type. When all valves are in the neutral position, the bypass 
valve opens to permit pump flow to the reservoir at a low pressure. This 
system is described in more detail in Section 4.14. 

Most implements with hydraulic systems (other than hydrostatic propul¬ 
sion drives) and most medium- and small-size tractors have constant-flow 
systems. This arrangement is simple and is well-adapted to systems involv¬ 
ing intermittent performance of a limited number of control functions. The 
operating pressure is only as great as needed for a particular function at a 
particular time, and the pump operates at low load when not needed. 
However, when pump capacities are greater than 38 to 57 L/min [10 to 15 
gpm], the pressure loss through the open-center valve or bypass valve may be 
sufficient to cause oil-heating problems. Most medium- and small-size trac¬ 
tors with constant-flow systems have pump capacities of 19 to 38 L/min [5 
to 10 gpm]. Complications are introduced if two or more functions must be 
performed concurrently. 

Constant-pressure systems are not common on implements, but are being 
used increasingly on the larger tractors. One method of maintaining an es¬ 
sentially constant system pressure is by means of a variable-displacement, 
pressure-compensated pump, usually of the radial-piston type (Section 4.4)! 
The pump displacement (and hence its flow) changes in response to system 
pressure to meet the flow demands of the system while maintaining the pre¬ 
determined system pressure. Another method involves a combination of an 
accumulator tank with compressed gas in the upper portion, a fixed- 
displacement pump, and an unloading-type bypass valve for the pump. With 
an accumulator system, the pressure varies between predetermined max¬ 
imum and minimum pressures that may differ by 10 to 15%. The change in 
gas volume as oil is withdrawn or pumped in provides a finite storage 
capacity between the cut-in and cut-out pressures. 

A constant-pressure system provides much greater flexibility than a 
constant-flow system, with simpler valving and circuits for multiple func- 
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tions. The full pressure is available for any number of functions in parallel at 
any time, and one function does not affect the others. Response is fast, since 
pressure is always available. But whenever the pump is needed it must 
operate against the full system pressure even though the demand may be for 
only a low pressure. The throttling required to reduce the pressure to that 
needed by the actuator produces heat which must be dissipated and repre¬ 
sents wasted energy. 

Rated pressures for constant-flow, variable-pressure systems on tractors 
are mostly 8 to 14 MPa [1200 to 2000 psi]. Constant-pressure systems 
usually have rated pressures of 12 to 18 MPa [1800 to 2600 psi]. System 
relief valves are normally set about 25% higher than the rated pressure. 

Variable-flow, variable-pressure systems are basically closed-loop 
arrangements, with oil recirculating between the pump and a motor. The 
flow is usually varied by changing the pump displacement but could be 
varied by changing the pump speed. The pressure adjusts itself to accom¬ 
modate the motor load at any particular flow rate. The hydrostatic propul¬ 
sion drive, which is discussed in Section 4.25, is an example of a closed-loop 
system. 

Internal seal Inlet 

(b) 

Eig. 4.1. (a) External-gear pump, (b) Fixed-displacement radial-piston pump with rotating 

cam. (b, courtesy of Deere & Co.) 

4.4. Hydraulic Pumps. External-gear pumps (Fig. 4.1a) are widely used 
for rated system pressures up to about 14 MPa [2000 psi]. They are simple, 
compact, and much less expensive than piston pumps. The volumetric ef¬ 
ficiency can be as high as 90% but may be substantially lower due to internal 
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Fig. 4.2. (a) Balanced vane motor, (b) Internal-rotor gear motor. (b, courtesy of Deere & Co.) 

leakage past the gears. Two other types of gear pumps have a gear within a 
gear (internal-gear type) or an internal gear-rotor similar to Fig. 4.2b. Vane 
pumps are sometimes used on agricultural equipment. They are similar to 
the vane motor shown in Fig. 4.2, except that vane springs are not needed. 

Multiple-cylinder piston pumps are the usual choice when rated pressures 
are above 14 MPa [2000 psi]. They are seldom used at pressures below 10 
MPa [1500 psi] because of their greater cost and complexity in comparison 
with gear or vane pumps. Piston pumps have high volumetric and overall ef¬ 
ficiencies. Radial-piston pumps of the type shown in Fig. 4.1 b, usually with 8 
or 9 cylinders, are used in tractors having constant-pressure systems. An 
arrangement (not shown) that puts pressurized oil in the crankcase controls 
the piston stroke by holding the pistons away from the cam when less oil 
flow is needed, thus providing the variable-displacement feature.9 

Axial-piston pumps may have the pistons parallel with the driving mem¬ 
ber (in-line type), or the housing and parallel cylinders may be angled from 
the driving member (bent-axis type). With the in-line type (Fig. 4.10), rela¬ 
tive rotary motion between the tilted swashplate and the cylinder block 
causes the pistons to move in and out. The magnitude of the piston stroke 
depends upon the tilt of the swashplate. In a variable-displacement pump, 
the cylinder block rotates and the swashplate tilt is adjustable to permit 
changing the oil flow rate and direction of flow. A fixed-displacement pump 
has the swashplate at a fixed angle, similar to the motor shown in the right- 
hand portion of Fig. 4.10. Either the swashplate or the cylinder block may 
rotate. The principal application of axial-piston pumps on farm machines is 
in hydrostatic propulsion drives (Section 4.25). 

4.5. Hydraulic Motors. Hydraulic motors convert fluid power to a rotary, 
mechanical output. Hydraulic motors are similar in design to hydraulic 
pumps and the same general types are available. Some units can be used in- 
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terchangeably as motors or pumps. External-gear motors (similar to Fig. 

4.1a), internal gear-rotor motors (Fig. 4.2b), and balanced vane motors (Fig. 

4.2a) are common on implements utilizing hydraulic power to drive 

functional components. 

Axial-piston motors are used in hydrostatic propulsion drives for self- 

propelled machines (Fig. 4.10). Like axial-piston pumps, they may have 

either fixed displacement or variable displacement. However, a variable- 

displacement motor is not reversible under load because the speed ratio 

would become infinite as the motor displacement approached zero. The 

minimum displacement is usually limited, by mechanical stops, to about half 

the maximum displacement. 

The motor shown in Fig. 4.2b is a popular version of the internal-gear or 

rotor type that has high torque outputs and is suitable for operation at 

speeds as low as 10 r/min. The rotor has one tooth less than the stator and 

the profiles are such that each rotor tooth is always in contact with the 

stator, thus forming a continuous seal. As the rotor rolls around the inner 

periphery of the stator, “orbiting” around the shaft center, each tooth 

engagement and withdrawal results in a piston-like action. A commutator 

valve plate, rotating with the shaft, ports oil into and out of each space be¬ 

tween stator teeth in phase with the withdrawal and engagement actions. In¬ 

coming oil under pressure forces the tooth withdrawal, thus causing rotation 

of the rotor and shaft. 
Vane motors are usually of the balanced type as shown in Fig. 4.2a. An 

unbalanced motor has a circular rotor within an eccentric, circular housing 

and has only one inlet and one outlet. The difference between the inlet and 

outlet pressures causes an unbalanced force situation that puts heavy loads 

on the shaft bearings. The balanced version has 2 inlets 180° apart and 2 out¬ 

lets. With either type, sliding vanes in the slotted rotor are held out against 

the housing by springs and centrifugal force. The springs are needed in a 

motor (but not in a pump) to provide sealing while the unit is getting up to 

speed. Incoming oil under pressure pushes against the vanes to cause rota¬ 

tion. 
Selection of a motor type for a particular application involves considera¬ 

tion of factors such as the cost per kilowatt, pressure range, operating speed 

range, starting-torque characteristics, volumetric efficiency, overall ef¬ 

ficiency, the need for reversibility, mass, and physical size. These and other 

factors are compared broadly in references 6, 7, and 9. In general, piston 

motors are the most efficient (85 to 95% overall), the most versatile, and the 

most costly type. Overall efficiencies are usually 60 to 90% for gear motors 

and 75 to 90% for vane motors.9 
4.6. Directional Control Valves. Directional control valves start, stop, and 

direct fluid flow to cylinders, motors, and other actuators. Spool-type valves 

are widely used, primarily because of the great variety of valving arrange- 
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(a) (b) (c) (d) (e) 

Graphic symbols 

(c) 

Inlet 

-Metering orifice 

I m 
7ZZX Y77/ Y7? 

Excess Priority 
outlet outlet 

(d) 

Metering 

(e) 

Fig. 4.3. (a) Pilot-operated relief valve, (b) Direct-acting unloading valve, (c) Direct-acting 

pressure-reducing valve, (d) Adjustable, pressure-compensated bypass or priority flow divider 

valve, (e) Pressure-compensated proportional flow divider valve. Any of these can be either ad¬ 

justable or nonadjustable. Graphic symbols, shown at top, are discussed in Section 4.11. 
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ments which they offer and because they can be hydraulically balanced. 

Fluid flow between annular ports is controlled by lands on a sliding spool 

that cover and uncover the ports (Fig. 4.5 and 4.6). The land edges can be 

notched, tapered, or chamfered to permit feathered control at partial flow 

rates. 

Spool valves must be accurately machined and fitted to minimize leakage 

past the spool. In multifunction systems, several valves may be stacked in a 

compact control package, as in Fig. 4.6. Valves may be actuated manually, 

mechanically, hydraulically, electrically, or pneumatically. 

Check valves pass flow freely in one direction but do not permit flow in 

the opposite direction. Spring-loaded ball-type or poppet-type check valves 

are used extensively in hydraulic systems. A direct-acting ball-type check 

valve is shown in Fig. 4.36. The spring is light so the opening pressure is not 

over 35 to 70 kPa [5 to 10 psi]. Pilot-operated check valves (Fig. 4.5) prevent 

reverse flow until the ball or poppet is unseated by pilot pressure from 
another part of the circuit, acting through a piston and push rod. 

4.7. Pressure Control Valves. Relief valves limit the maximum pressure 

that can be developed in a hydraulic circuit. Direct-acting relief valves, such 

as the one shown in Fig. 4.5, are satisfactory for relatively low flow rates and 

infrequent operation. But with high flow rates the full-flow pressure is con¬ 

siderably higher than the “cracking pressure” because of the increased 

spring force as the valve opens wider.9 This difference is known as pressure 

override and reduces the allowable system operating pressure for a given 

full-flow relief pressure. 
A pilot-operated relief valve, such as the one shown in Fig. 4.3c, relieves 

over a wide flow range with very little pressure override, although the 

response is slower than with a direct-acting valve. The pilot section is a 

small, spring-loaded relief valve that controls the main valve. When the pilot 

valve is closed, the main valve is held closed by the light spring and by 

system pressure acting on the larger piston area at the spring end. When the 

system pressure rises enough to overcome the force of the pilot-valve spring 

and open the pilot valve, flow through the orifice creates a pressure drop 

across the piston. This pressure differential opens the main valve and holds it 

open until the system pressure drops and allows the pilot valve to close. 
Figure 4.36 shows an unloading valve that is used to direct pump output 

back to the reservoir at low pressure when the system pressure is satisfied. 

The valve opens when the system pressure, transmitted to the pilot piston 

through the pilot port, is sufficient to overcome the force of the adjusting 

spring. A check valve, installed as shown by the broken-line portion of the 

drawing, holds the system pressure while the pump is bypassing. Ac¬ 

cumulator systems employ a variation of this type of valve,7 designed to 

provide the differential between cut-out and cut-in pressures that is needed 

for accumulator reserve capacity. 
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A pilot-operated unloading or bypass valve designed to respond to low 

pilot pressures is shown in Fig. 4.5. This type of arrangement is suitable for 

constant-volume systems, whereas unloading valves of the type described in 

the preceding paragraph are for constant-pressure applications. 

When one part of a circuit is to be maintained at a constant pressure that 

is below the operating pressure in the main circuit, a direct-acting or pilot- 

operated pressure reducing valve usually is used. A direct-acting, adjustable 

valve that maintains constant reduced pressure is shown in Fig. 4.3c. This is 

a normally open valve. As the outlet pressure increases and approaches the 

preset control value, the spool moves against the spring force to restrict the 

outlet as required to maintain a constant outlet pressure. 
A pressure sequence valve allows flow to a second cylinder or other 

limited-motion function only after the first one has been fully satisfied. The 

valve is placed in the supply line to the second function and is set to open at a 

pressure somewhat above that needed for the first function. Thus it directs 

flow to the second function only when the pressure rises after the first func¬ 

tion has been completed. The most common application on agricultural 

equipment is in delayed-lift arrangements for front-mounted and rear- 

mounted cultivator tool bars on tractors. The simplest type is like an in-line 

check valve with a heavy spring. A reverse-free-flow check valve is needed in 

parallel with the sequence valve to permit flow in the opposite direction. 

4.8. Flow Control Valves and Flow Divider Valves. Flow control devices 

are used to control actuator speeds by either restricting the flow or diverting 

the excess flow. Either method causes a pressure drop that is converted into 

heat and represents wasted energy. Manual valves and orifices are non- 

pressure-compensated restrictive devices, since the flow rate is related to the 

pressure drop. Nevertheless, needle valves and orifices are useful in many 

hydraulic-circuit situations. For example, a needle valve is used to control 

the lowering rate of mounted implements supported through a single-acting 
cylinder on the tractor rockshaft. 

Figure 4.3^ shows a pressure-compensated priority flow divider valve. It 

maintains a constant flow rate from the priority outlet, bypassing the excess 

to other functions in the system or to the reservoir. Pressure compensation is 

achieved by automatic operation of the balanced spool to maintain a cons¬ 

tant pressure drop across the metering orifice. The pressure drop across the 

orifice is determined by the spool cross-sectional area and the spring force, 

and is relatively small. The regulated flow rate then depends upon the area of 

the metering orifice, which is adjustable in the example shown. Nonad- 

justable valves usually have the metering orifice through the spool. A 

pressure relief valve is often built into a priority valve to protect the priority 
circuit. 

A common application for a priority valve is for the power-steering func¬ 

tion in a multifunction hydraulic system. At low engine speeds most or 
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all of the pump output may be needed for power steering. As the engine 

speed is increased, the power-steering flow remains constant (usually at 

some value between 8 and 11 L/min [2 and 3 gpm]) and the excess flow 

becomes available for other functions. In some systems, a valve of this type 

is employed to bypass excess flow back to the reservoir. 

A restrictor-type, pressure-compensated flow control valve is similar to 

the valve shown in Fig. 4.3d except that there is no excess or bypass outlet 

(or this outlet is merely plugged). The inlet flow is controlled by throttling 

the outlet (the “priority” outlet, in Fig. 4.3d). If a restrictor valve is used in 

an open-center (constant-flow) system, any excess flow must be discharged 

through the relief valve, which means the pump must operate against relief 

pressure. 

A pressure-compensated proportional flow divider takes a single flow and 

divides it between 2 outlets or functions in proportion to the areas of the 2 in¬ 

let metering orifices (Fig. 4.3c). The spool is in balance only when the 

pressure-drops through the two metering orifices are equal. The flow divider 

shown would direct about 75% of the flow to the right-hand outlet. With ap¬ 

propriate orifice sizes, the ratio could be anything from 50-50 to perhaps 90- 

10.9 
4.9. Hydraulic Cylinders. Hydraulic cylinders may be either double¬ 

acting or single-acting. A double-acting cylinder (Fig. 4.5 and 4.7) is 

powered in both directions. Pressure oil enters at the blind end to extend it 

and at the rod end to retract it. Oil from the opposite end is returned to the 

reservoir or directed to some other series function. An effective seal around 

the piston rod must be provided at the rod end of the cylinder. For a given oil 

pressure, a greater force is exerted on the extending stroke than on the 

retracting stroke because the rod cross-sectional area subtracts from the ef¬ 

fective piston area for the retracting stroke. 

A single-acting cylinder can exert thrust only in the extending direction. 

For the retracting stroke, the control valve is opened to permit oil flow back 

to the reservoir and an external force such as the force of gravity on an im¬ 

plement, or some type of spring loading, causes the retracting movement. 

The rod end of the cylinder is vented to the atmosphere through a porous 

breather or filter that keeps out dirt and dust. A double-acting cylinder can 

be used as a single-acting cylinder by properly venting the rod-end port. 

In some single-acting cylinders there is no piston on the end of the piston 

rod. Instead, the rod is only slightly smaller than the cylinder bore and the 

end of the rod serves as the piston. There is no piston seal, as is required with 

a piston-type cylinder. The only seal is at the rod end of the cylinder. No air 

vent is needed. This type of device is known as a ram-type cylinder. 

4.10. Power, Work, and Speed Relations. At this point it may be helpful 

to review certain definitions and basic relations. Hydraulic power is the rate 
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of fluid energy output from a pump or input to a motor. It may be deter¬ 

mined from 

ph = 0.01667 Q AP (4.1) 

[ph QAP] 
1714 J 

where ph = hydraulic power, in kilowatts [horsepower] 

Q = fluid flow rate, in litres per minute [gallons per minute] 
AP = pressure change, in megapascals [pounds force per square 

inch] 

Shaft power (sp) is the mechanical input to a pump or output from a 

motor. The overall efficiency for a motor is 100 X sp/ph and for a pump is 

100 X ph/sp. The volumetric efficiency of a motor is 100 X (theoretical flow 

rate, based on displacement and speed) -F (actual flow rate). The volumetric 

efficiency of a pump is 100 X (actual flow rate) -f (theoretical flow rate). 

Mechanical efficiency reflects losses due to internal friction, bearing fric¬ 

tion, etc. Mechanical efficiency is equal to overall efficiency divided by 

volumetric efficiency. 

The hydraulic power input to a motor, based on the difference between the 

motor inlet and outlet pressures, must be multiplied by the overall efficiency 

to obtain the useful power output (shaft power). The torque output is 

proportional to the motor displacement and mechanical efficiency and to the 

pressure drop across the motor. The speed is inversely proportional to the 

displacement per revolution and directly proportional to the motor’s 
volumetric efficiency and to the oil flow rate. 

The total work capacity of a cylinder, in kilojoules [foot-pounds-force], is 

W = AP ALE (4.2) 

[W= AP X A X — X -M— ] 
12 100 

where A = effective piston area, in square centimetres [square inches] 
(cylinder cross-sectional area for extending stroke; cylinder 

area less rod area for retracting stroke) 

L = length of piston stroke, in millimetres [inches] 

E = cylinder efficiency, in percent (100 X ratio of mechanical- 
energy output to fluid-energy input) 

The total time for extending or retracting a cylinder, in seconds, is 

t = 0.0060 AL 
Q 

[< 
60 AL 

231 Q 
= 0.260 — 

Q 
] 

(4.3) 
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Any pressure losses in the system that are not caused by a motor or other 

actuator represent power losses that are converted to heat and reduce the ef¬ 

ficiency of the system. The pump efficiency must also be included in deter¬ 

mining system efficiency. 

4.11. Graphic Symbols. Graphic symbols for fluid-power diagrams have 

been standardized by the American National Standards Institute (ANSI)* 

and are used extensively for circuit representation. A partial listing of these 

(adopted in 1966) is included in Appendix D. These symbols are easy to draw 

and they emphasize the functions and methods of operation of components, 

rather than construction. 

Symbols for five types of valves are shown in Fig. 4.3, supplementing 

those included in Appendix D. The symbols for valves a, d and e in Fig 4.3 

are composites developed from basic symbols and rules in the ANSI stan¬ 

dard. Pilot-operated valves such as a are often represented by the simpler 

symbols for direct-acting valves (shown in Appendix D). Simplified symbols 

of various types are also commonly employed for valve d. 

Graphical representation may be combined with a cutaway or pictorial 

diagram if one wishes to emphasize the internal arrangement or functioning 

of particular components. Figure 4.5 shows a comparison between a 

schematic cutaway drawing and a graphical diagram. 

HYDRAULIC CONTROL SYSTEMS 

4.12. Single-Acting and Double-Acting Cylinders. Both single-acting and 

double-acting cylinders are used on tractors to control mounted implements. 

Most built-in lift systems have single-acting cylinders. With single-acting 

cylinders, the rate of downward movement of the implement is a function of 

the implement mass and inertia, the magnitude of vertical components of 

soil forces, and the resistance to flow of the oil being expelled from the cylin¬ 

der. Lowering time is more consistent with a double-acting cylinder because 

of its positive action in either direction. 
With a single-acting cylinder, an implement may be allowed to “float” 

(ie., seek its own depth or position) by merely locking the control valve in the 

lowering (open) position. A control valve for double-acting cylinders can be 

designed with a float position in which both cylinder ports are connected to 

the reservoir port. The lift linkage can be designed to provide a floating ef¬ 

fect with either type of cylinder without requiring the piston to float. 

Some pull-type implements, such as disk harrows, grain drills, land 

levelers, and others, require that the controlling device be able to exert force 

in either direction. Consequently, most cylinders intended for in- 

*ANSI is the internationally recognized standardization organization for the United 

States. 
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terchangeable use on pull-type implements are of the double-acting type. 

Provision is often made to mount the same cylinder on pull-type implements 

and on the tractor for the control of mounted implements. 

Single-acting cylinders are adequate for applications on self-propelled 

machines that involve lifting components such as headers and the picking 

units on various types of harvesters. There are also numerous situations 

where double-acting cylinders are required. Cylinders utilized on self- 

propelled machines have a considerable range of diameters and lengths to 

match the widely differing thrust and stroke needs. 

4.13. Single-Cylinder Systems. Two basic single-cylinder systems are 

shown by graphic-symbol diagrams in Fig. 4.4. One is for a single-acting 

cylinder. Both are constant-flow systems with open-center valves — the 

most common arrangement for single-cylinder systems. 

Fig. 4.4. Basic, single-cylinder, open-center hydraulic control systems, shown with manual con¬ 

trol and spring-return to center position, fa) Single-acting cylinder and 3-way (3-port) control 

valve, (b) Double-acting cylinder and four-way control valve. 

4.14. Parallel Cylinders in a Constant-Flow System. Most present-day 

tractors and most self-propelled machines that have hydraulic control 

systems have two or more individually controlled cylinders operated from 

the same pump. It is desirable and sometimes necessary to be able to operate 

two cylinders concurrently. If these cylinders were controlled by two 

parallel-connected, open-center valves like the ones in Fig. 4.4, it would be 

impossible to operate one cylinder alone because the pump output would all 
bypass through the other open-center valve. 

One solution to this problem is to install a flow divider between the pump 

and the two parallel control valves. Then only a portion of the pump output 

would be bypassed through the inactive control valve and the remainder 
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would go to the activated cylinder. Furthermore, if both cylinders were 

operated simultaneously, each would get only its proportion of the total 

flow, so both would move simultaneously and independently. But neither 

cylinder can ever receive more than its predetermined proportion of the 

pump output, and the pump must always bypass against the flow-divider 

Fig. 4.5. Parallel-cylinder system with parallel control valves, a pilot-operated bypass valve, 

double-acting cylinders, and pilot-operated cylinder check valves. 
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pressure drop. 

Another solution in a constant-flow system is to use parallel, closed-center 

valves with a pilot-operated bypass valve to permit the pump to operate at 

low pressure when all control valves are in neutral. Such a system is shown in 

Fig. 4.5. This same system works for more than two cylinders or for only one 

cylinder. The graphic-symbol diagram shows both valves in the “hold” or 

neutral position. In the schematic cutaway drawing, control valve A is 

shown in the neutral position and valve B is in the “extend” position. 

As long as one or more of the control valves in such a system is held in an 

operating position (as shown for valve B), there is a direct passage from pilot 

line C to return line D and back to the reservoir. Because the small-diameter 

pilot-valve orifice greatly restricts the flow to line C, the pressure on the 

bypass-valve piston is low and the spring holds the bypass valve closed. 

When all control valves are returned to neutral, there is no longer any 

passage from line C to line D. Then, since there is no flow through the pilot- 

valve orifice, the pressure on the bypass-valve piston becomes equal to that 

in the pump discharge line. Since the piston area is several times that of the 

ball seat, the valve opens and remains open under low pressure until one or 

more of the control valves is moved from neutral and again opens line C to 
line D. 

Cylinders in parallel can also be controlled independently by a stacked, 
series-parallel arrangement of open-center valves. Such an arrangement, 

with two identical valve units clamped together between header plates, is il¬ 

lustrated in Fig. 4.6. One valve may be removed or more may be added. 

Valve A is shown in the neutral position, whereas valve B has been moved to 

the right to operate cylinder B. When all valves are in neutral, the pump out¬ 
put flows through the open-center passages in series and thence back to the 

reservoir. When any valve is moved from neutral, the bypass path is closed 

(as shown for valve B) and oil under pressure becomes available to this cylin¬ 

der and to cylinders connected to any other valves that might be operated 

simultaneously. Thus, while the valves are in series when bypassing the oil 

from the pump to the reservoir (i.e., all valves in neutral), the simultaneous 
operation of two or more cylinders is in parallel. 

The series-parallel arrangement with stacked valves is quite common on 

farm equipment. The parallel valves shown separately in Fig. 4.5 can also be 

stacked, but this arrangement is found mostly on tractors. 

If only one control valve of a parallel-cylinder system without flow 

dividers is operated at any particular time, the behavior is identical with that 

of a single-cylinder system. The full pump output is available to the cylinder. 

If two or more control valves are operated at the same time, with unrestric¬ 

ted flow to all cylinders, the one with the lowest pressure requirement will be 

moved first. The other cylinder or cylinders cannot operate until the system 

pressure rises after the first cylinder reaches the end of its stroke. In actual 
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Fig. 4.6. Stacked, series arrangement of open-center valves for operating cylinders in parallel. 

practice, an expert operator can obtain simultaneous motion of two cylin¬ 

ders by feathering (throttling) one or both control valves to restrict the flows. 

Headers on combines and self-propelled windrowers usually have two 

parallel cylinders controlled by the same valve. In this type of application, 

torsional rigidity of the unit being lifted, or an interconnecting torsional 

member, ensures simultaneous, equal movements of the two cylinders. 

In parallel-cylinder operation, the total oil displacement or overall piston 

travel time is equal to the sum of the values for the individual cylinders, 

regardless of whether or not the pistons move simultaneously. But the full 

rated system pressure is available for each cylinder if needed. 
4.15. Cylinders in Series. Selective control of individual, double-acting 

cylinders in a multicylinder system can also be obtained by a series arrange¬ 

ment of open-center control valves, in which the pump is connected to the in¬ 

put side of only the first valve. The return line from each valve is connected 

to the input side of the next valve in the series, this being the only intercon¬ 

nection between valves. The return line from the last valve goes to the reser¬ 

voir. A stacked arrangement of valves can be used, or the valves may be 

"physically separated. 
With this arrangement, the pump output will be bypassed through all 

valves in series as long as they are all in the neutral position. If any one valve 

is moved from neutral to extend or retract its cylinder, the system behaves 

like a single-cylinder system. If two or more control valves are operated at 

the same time, a series arrangement of the cylinders is obtained, with 
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positive simultaneous movement of the pistons. The oil from the low- 

pressure side of one cylinder is forced through the control valve into the 

high-pressure side of the next cylinder being operated. The oil from the low- 

pressure side of the last cylinder in the series is returned to the reservoir. 

When two or more cylinders operate in series, the rate of movement of the 

first piston is the same as it would be for a comparable single-cylinder 

system and the relative movements of any two successive cylinders are inver¬ 

sely proportional to the effective cross-sectional areas of the interconnected 

sides. If two equal-diameter cylinders have the rod end of one connected to 

the blind end of the next one while being extended, the latter will move more 

slowly because the effective cross-sectional area is greater. 

The total pressure required for a series system is the sum of the pressure 

differentials required by the individual cylinders, plus line friction losses. 

The pressure differential required for any one cylinder, neglecting cylinder 

friction losses, may be determined from the relation, 

PA = P0A0 + 10 T (4.4) 

where P = 
l 

T = 

[ PA = P0A0 + T] 

cylinder inlet pressure, megapascals [pounds force per square 
inch] 
cylinder outlet pressure, megapascals [pounds force per square 
inch] 

effective piston area at inlet end, square centimetres [square 
inches] 

effective piston area at outlet end, square centimetres [square 
inches] 

cylinder thrust force, kilonewtons [pounds force] 

To determine the required system pressure, one must start with the 

downstream cylinder, assuming P for that cylinder is zero (or some value 
that represents friction loss in the return line to the reservoir). The calculated 

P, for the last cylinder then becomes P0 for the next cylinder upstream if fric¬ 
tion loss in the connecting lines is neglected. 

4.16. Series Cylinders with a Single Control Valve. Matched, series cylin¬ 

ders provide an excellent means for controlling the depth of wide, multi¬ 

section, pull-type implements.11 The sections are hinged together and the 

depth of each section is controlled by a separate cylinder acting against the 

support wheels for the center section or against outrigger gage wheels for the 

additional sections. The cylinders are connected in series, with the rod end of 

each double-acting cylinder passing oil to the blind end of the next cylinder 

on the lifting stroke, thus producing positive, simultaneous movement of all 

cylinders. The inlet to the first cylinder and the outlet from the last one are 

connected to the tractor hydraulic remote control outlets. 

Bore sizes are progressively smaller so the rod-end effective piston area of 
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each cylinder matches the blind-end piston area of the next cylinder. Thus 
the rates of extending or retracting are the same for all cylinders. The full 

stroke lengths are equal also. A bypass orifice from each cylinder’s bore into 

its rod-end port is located so the piston seal passes and uncovers it just 

before the piston reaches the end of the extending stroke. This arrangement 

permits a small amount of oil to bypass from one cylinder to the next when 

the cylinders are fully extended and the control valve is still in the “lift” posi¬ 

tion, thus initially purging any air and subsequently resynchronizing the 

cylinders each time the implement is fully raised. A limit stop on the largest 

cylinder will control the depth at all cylinders. 

A similar arrangement has been applied for depth control or automatic 

draft control of wide, single-section mounted implements.12 Matched, series 

cylinders on two outrigger wheels are connected in series with the tractor’s 

built-in rockshaft cylinder and operate in a manner similar to that described 

above. Hydraulic lifts for combine header reels employ two matched, series 

cylinders to obtain equal height adjustments for both ends. 

4.17. Multiple Cylinders in a Constant-Pressure System. With a constant- 

pressure hydraulic system, any number of cylinders or other functions can be 
operated concurrently, in parallel. Each will be independent of the others as 

long as the system’s flow capacity is not exceeded. The full system pressure 

is available for each cylinder, and the flow rate is limited by fixed restric¬ 

tions, flow control valves, or throttling with the main control valve. The 

energy represented by the difference between the system pressure and the re¬ 

quired cylinder pressure is converted to heat and wasted. The principal ap¬ 

plication of constant-pressure systems has been on tractors. 

4.18. Cylinder Check Valves. A system with pilot-operated check valves 

in the oil lines between the main control valve and the power cylinder is il¬ 

lustrated in Fig. 4.5. While cylinder B is extending, check valve E operates in 
the normal manner, but check valve F must be held open by pilot pressure 

from the high-presure end of the cylinder to permit oil to leave the low- 

pressure end. 
Check valves of this type prevent cylinder creep due to leakage past the 

valve spools and they protect against the load dropping because of pressure 

loss if a second, parallel cylinder is actuated while the first one is still ac¬ 

tuated. They also provide a safety feature for operators and other persons 

because it is impossible to lower an implement or component by merely 
moving the control lever when the oil pump in a constant-flow, variable- 

pressure system is not operating. 
A pilot-operated check valve is adaptable to a single-acting cylinder if a 

four-way control valve is used so it can apply pressure to the check-valve 

piston when the control lever is moved to the “retract” position. 

4.19. Nudging-Type Hydraulic Controls. In a limit-control or nudging 

system, a cylinder is activated to raise or lower an implement or perform 

some other function by moving the control lever to either side of its neutral 
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position. The piston in the cylinder continues to move until the lever is retur¬ 

ned to neutral or until the travel is limited by a stop or by the piston reaching 

the end of its full stroke. The control arrangements shown in Fig. 4.4 are for 

nudging systems. Note that the control-valve spools are spring-centered. 
Implement depth or component position is controlled by quickly returning 

the lever to neutral when visual observation indicates that the desired depth 

or position has been reached. Incremental changes are made by momen¬ 

tarily “nudging” the lever from its neutral position. Most cylinder controls 

on self-propelled implements are of the nudging type. 

Hydraulic 

stop collar 

Fig. 4.7. Two arrangements for limiting the retracting stroke of hydraulic cylinders in nudging- 

type control systems. 

Tractor remote cylinders for use on either pull-type or mounted imple¬ 

ments may have stops of various types to limit the piston travel on the 

retracting stroke and thus predetermine a working depth for the implement. 

The common arrangements include (a) mechanical stop on the cylinder (Fig. 

4.7 left), (b) hydraulic shut-off actuated by piston movement (Fig. 4.7 right), 
and (c) electric remote control of solenoid-operated hydraulic valves, with 
adjustable, electrical limit switches on the cylinder or linkage. All of these 

systems are adjustable but a change of stop setting usually involves halting 
the implement and raising it slightly to free the stop. 

Nudging-type systems on tractors frequently have a detent arrangement 

to hold the control valve in either of its extreme positions while the imple¬ 

ment is being raised or lowered, thus freeing the operator’s hand for other 

purposes. When the piston reaches the limit of its travel, the detent is 

released automatically by hydraulic or mechanical means, and spring action 

returns the control valve to neutral. It can also be returned to neutral at any 

time by hand. Control levers sometimes have an intermediate, indexed posi¬ 

tion between neutral and each extreme, which provides slow-speed move¬ 

ment of the piston for making small changes in depth adjustment. 

4.20. Automatic Position Control Systems on Tractors. Virtually all trac¬ 

tors with hitches for mounted implements have built-in lift systems with 

automatic position control. In this type of control system, any given position 

of the control lever in its quadrant represents a specific position or depth of 

the implement. Thus the operator can preselect and identify an implement 
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position by the location of the hand lever, and the cylinder will automatically 

move the implement to the corresponding position or depth. 

The basic linkage for an automatic position system is indicated in Fig. 

4.8a. The solid outlines represent a stabilized condition, the control valve be¬ 

ing in neutral. If the control lever is then moved from A to A', joint C is 

moved to the left while joint E momentarily remains in the same position, 

thus moving D and the control-valve spool to the left. This actuates the 

power cylinder, which raises the implement until D is returned to the neutral 

position. 
With the control valve again in neutral, the new position of the lift arms 

and connecting linkage is as shown by the broken-line outlines. Similarly, 

moving the control lever in the opposite direction results in lowering of the 

implement. In effect, D acts as a pivot point in determining the relative 

equilibrium positions of the control lever and the implement. 

Theoretically, automatic position control can be applied to any type of 

cylinder and control-valve arrangement. But since a mechanical intercon¬ 

nection between the control lever and the piston or implement linkage is re¬ 

quired, automatic position control is most readily adapted to mounted im¬ 

plements. 

4.21. Automatic Draft Control. With automatic draft control, the posi¬ 

tion of the hand lever represents a given implement draft rather than a par- 

Fig. 4.8. Basic linkage arrangements for automatic position control and automatic draft 

control. 
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ticular depth. Variations in draft cause the implement to be raised or 

lowered automatically as required to restore the draft to the preselected 

value. 

As indicated in Fig. 4.8b, the linkage for automatic draft control is similar 

to that for automatic position control except that the top end of equalizer 

link CE is moved in response to deflection of the load spring rather than by 

movement of the implement lift linkage. With the control lever in a given 

position, any change in draft changes the amount of deflection of the load 

spring, thus moving the control valve from its neutral position, D. The 

hydraulic system then acts to change the implement depth as required to 

restore the draft and load-spring deflection to the preselected values and thus 

return the control valve to neutral. 

In the arrangement illustrated, the draft-sensing member is always in 

compression. It is evident that, for any given position of the control lever, 

there is only one compressed length of the load spring that will bring the con¬ 

trol valve to neutral. But if the control lever is moved to the left in Fig. 4.86, 

less compression of the load spring, and hence less draft, is required for 
equilibrium. 

With the larger sizes of tractors, mounted equipment may extend quite a 

distance to the rear and the upper link of a three-point hitch is likely to be in 

tension part of the time. Lower-link sensing is generally employed in such 

cases, although systems on some tractors can respond to either tension or 

compression in the upper link. Sensing torque in the tractor-wheel driveline 

is a recent development for automatically controlling the draft of mounted, 

semimounted, or pull-type implements.19 

Most tractors with automatic position control also have automatic draft 

control. In some cases, the operator selects one or the other by merely mov¬ 

ing an auxiliary lever. Other tractors have a combination of draft control 

and position control in which the load-spring linkage and lift linkage are in¬ 

terconnected by an equalizer link so they both affect the control valve. The 

result is a compromise between a constant implement depth and constant 

draft. The relative degree of control from these two parameters may or may 
not be adjustable. 

4.22. Automatic Controls on Implements. Hydraulic control systems 

provide an excellent base for automatic control of certain parameters on im¬ 

plements. In general, these include attitude or slope (self-leveling combines), 

height, lateral position (automatic guidance), and performance (combine 

loading). The sensing device is on the implement. The tractor’s hydraulic 

system may provide the control power for pull-type or mounted implements, 

or a separate system may be provided on the implement. Self-propelled 

machines, of course, have their own hydraulic systems. 

The signal from the sensing device is transmitted to a hydraulic control 

valve, usually either through direct mechanical connection or electrically to 
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a solenoid-operated control valve. The control valve then actuates a cylinder 

to move the machine component in the proper direction to reduce or 

eliminate the error signal. Minimum time lapse between the change in the 

control-parameter value and sensing of the change is desirable. This involves 

locating the sensor close to the point where the changes occur. 

Two-point controllers (sensing devices) continually call for either a 

positive or a negative correction. Three-point controllers have a neutral or 

dead zone between the two correction zones. In either type, the response rate 

may be constant or it may be related to the magnitude of the error signal. A 

solenoid-operated control valve usually provides a constant response rate, 

whereas direct mechanical actuation of a control valve can give proportional 

response. Dynamic response characteristics must be considered in relation to 

response rates. Damping may be needed to minimize cycling. 

One of the first commercial applications of automatic controls on imple¬ 
ments was in self-leveling hillside combines, during the early 1950s. In this 

type of application, sensitivity, speed of response, stability, and adequate 

safety devices for protection in malfunction situations are all extremely im¬ 

portant considerations. Specially designed four-way control valves had to be 

developed and manufactured to extremely close tolerances for a model that 

has a damped pendulum as the sensing device and provides both lateral and 

fore-and-aft leveling. 
Considerable attention is being given to the automatic control of feed 

rates into combines to minimize seed losses due to overloading.5,8 Automatic 

height control is being applied to combine headers,3 cotton pickers and strip¬ 

pers,17 and other harvesting equipment. In some European countries, height 

sensors have been applied to mounted plows to control depth.2 When the 

field surface is uneven, these give more uniform depth than the tractor’s 

automatic position control system because the sensor can be placed close to 

the plow bottoms. Automatic guidance systems for pull-type sugar beet har¬ 

vesters have been developed to keep the root-lifting wheels or blades cen¬ 

tered on the row and thus reduce losses.2,13 
Most automatic controls on implements are for open-center hydraulic 

systems. However, control valves suitable for height sensing with the 

constant-pressure hydraulic systems common on the larger tractors have 

been developed.17 
4.23. Standardization of Tractor Remote Cylinders for Pull-Type 

Implements. Remote cylinders used for the control of pull-type implements 

are considered to be part of the tractor hydraulic system. To permit in¬ 

terchangeable use on various makes of pull-type implements, an ASAE- 

SAE standard was developed. This standard1 specifies cylinder mounting 

and operating dimensions, maximum cylinder outline dimensions, clearance 

allowances required on implements, and hose-length requirements. 

Cylinders with a 203-mm [8-in.] stroke are specified for tractors having up 
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to 60 maximum drawbar kilowatts [80 hp], Cylinders for tractors with over 

60 kW may have either a 203-mm or 406-mm [8-in. or 16-in.] stroke. Full- 

stroke operating times at maximum full-load engine speed are to be 1 xh to 2 

s for 203-mm-stroke cylinders and 3 to 4 s for 406-mm-stroke cylinders. The 

thrust capacity with either size cylinder is to be at least 500 N per maximum 

drawbar kilowatt [150 lbf/hp]. At the specified full-stroke operating 
times, this thrust represents 9 to 12% of the maximum drawbar power. 

Implements are to be raised, or disk harrows deangled, on the extending 

stroke. Stops needed for variable-stroke control are to be incorporated in the 
cylinder or hydraulic system, rather than being part of the implement, and 
are to be applied to the retracting stroke. 

4.24. Designing Lift Linkages for Pull-Type Implements. The tractor 

engineer has the responsibility for providing a hydraulic control system that 

will develop the minimum cylinder thrusts specified in the ASAE-SAE stan¬ 

dard. The implement designer should be concerned with minimizing peak 

lifting loads, keeping these loads within the available capacity of the power 

lift, and generally making the most effective use of the control system. 

In designing a lift linkage, the engineer should remember that the total 

work capacity of a hydraulic cylinder is primarily a function of the effective 

piston area, the available system pressure, the length of stroke, and friction 

losses in the hydraulic system and cylinder. The lifting time, on the other 

hand, is related to the piston displacement and the pump capacity at the re¬ 

quired lifting pressure. The operating times specified in the ASAE-SAE 

standard represent a compromise between high power requirements of rapid 
lifting and greater travel distances for slower lifting. 

The total work (or the average force for a cylinder with a given stroke) re¬ 

quired to lift an implement is influenced by the lifted mass of the implement, 

the soil reaction, friction in the linkage, inertia forces and surges, and the 

height of lift. The ideal linkage, from the standpoint of the hydraulic system, 

would be such as to require a constant cylinder thrust throughout the stroke,’ 

at least under extreme load conditions. This would give maximum work out¬ 

put with minimum pressures. Frequently, however, the initial design of a 

linkage results in high peak forces during some portion of the cycle, as il¬ 
lustrated by the work diagram shown in Fig. 4.9. 

Assuming it is desired to take corrective measures to obtain a more uni¬ 

form thrust requirement throughout the stroke, the first steps are to deter¬ 
mine, either graphically or experimentally, the relation of implement lift to 

piston travel and to plot the results. Then divide the piston travel into equal 

increments on the graph and measure the area under the cylinder thrust 

curve (i.e., the work) for each increment and for the full piston travel. 

The average height of the work curve (total area divided by total piston 

stroke) represents the desired uniform thrust. Dividing each increment of 

work area by this average thrust gives the theoretical portion of the piston 
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Piston trovel.millimetres (inches) 

Fig. 4.9. Work diagram for lifting a 3-bottom 41-cm moldboard plow stalled in hard ground. 

The first peak is attributed to the load required to break ground, and the high peak near the end 

is due to increased lifting rates as slack in the rear furrow-wheel linkage is taken up. (R.D. 

Barrett. Agr. Eng., Oct., 1949.) 

stroke that should be used for the amount of implement lift represented by 

the original increment of piston travel. 
As an example, take 25-mm increments of piston travel for the work 

diagram in Fig. 4.9. Assume that with the existing linkage the curve of im¬ 

plement lift versus piston travel indicates that the implement is lifted 23 mm 

during the first 25 mm of piston travel and an additional 31 mm during the 

next 25-mm increment. Dividing the measured work areas, for these first 2 

increments by the average thrust (18.0 kN) indicates that only 18 mm of 

piston travel should be used in lifting the implement through this first step of 

23 mm, and 21 mm of piston travel for the second lift step of 31 mm. 

Thus a piston travel of i8 mm for a lift of 23 mm represents one point on 

the ideal lift curve, and a total piston travel of 39 mm for a total lift of 54 

mm represents the next point. Similar treatment of successive increments 

will yield a complete ideal curve, against which the results of proposed 

modifications in the linkage can be compared. 
If the uniform thrust obtained by redesigning the linkage still exceeds the 

available capacity, additional corrective measures that may be taken include 

(a) reduction of total friction in the linkage, (b) reduction of total lift height, 

(c) reduction of implement mass, (d) elimination of unnecessary horizontal 
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movement of the implement in the soil, resulting from the lifting action, and 
(e) use of auxiliary springs. 

Most tillage implements require more thrust to lift them when stopped 

than when traveling, the increase being as much as 50 to 100% for some im¬ 

plements.20 It is generally assumed that the rated pressure of the hydraulic 

system should not be exceeded while lifting a traveling implement, but that 

the full relief pressure can be considered as available for the occasional in¬ 

stances when a stalled implement must be raised.20 This gives an additional 
available thrust of perhaps 25% for such emergencies. 

Where power-control loads are light so that uniformity of thrust is not im¬ 

portant, it is possible to incorporate other desirable features into the system. 

For example, greater Fineness of control for a tillage implement can be ob¬ 

tained by arranging the linkage to give a low lift rate in the range of usual 

working depths. If, on the other hand, a quick lift is desired, as for a mower 

cutterbar, the design can be such as to utilize only a portion of the piston 
stroke for the full lift. 

HYDRAULIC POWER TRANSMISSION 

4.25. Hydrostatic Propulsion Drives. The most common type of 

hydrostatic propulsion drive found on agricultural equipment consists of a 

variable-displacement axial-piston pump driving a fixed-displacement or 

variable-displacement axial-piston motor in a closed-loop circuit. Axial- 
piston pumps permit simple, positive control of the variable displacement. 

Axial-piston motors provide good reversibility and, if desired, may have 

variable-displacement control. Piston-type pumps and motors have higher 
volumetric and overall efficiencies than other types. 

The closed-loop feature means that the oil is recirculated between the 

pump and motor in a closed path without passing through the reservoir. 

Low-side pressure is maintained at 1.0 to 1.4 MPa [150 to 200 psi] by a 

charging pump that also bypasses a small percentage of the main oil flow 
through a cooler and a supply reservoir. 

Figure 4.10 shows a hydrostatic drive system having a fixed-displacement 

motor. The charge-pump output enters the closed loop at whichever port of 

the variable-displacement pump is the inlet (depending on the direction of 

motor rotation) and the excess leaves the loop at the motor through the 

charge-pressure control valve. The shuttle valve automatically connects the 

low-pressure side of the loop (which may be either leg) to the charge- 

pressure control valve. Free-flow oil from the charge-pressure control valve 

circulates through the motor and pump housings to cool them, then through 
a heat exchanger to cool the oil, and finally into the reservoir. 

Two servo cylinders change the swashplate angle to increase or decrease 

the pump displacement or reverse the flow, in response to changes in the 
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control-lever position. The servo control has a built-in centering device for 

the neutral position with some degree of free movement to eliminate the 

need for precise positioning of the control lever for zero speed. Oil supplying 

the energy for the servo control comes from the charge pump through a four¬ 

way control valve. The control action is similar to that in automatic position 

control systems on tractors, as described in Section 4.20. 

Hydrostatic propulsion drives first became commercially available on 

self-propelled combines in 1965.14,18 Within less than 5 years nearly all com¬ 

bine manufacturers in the United States had hydrostatic drives available on 

one or more models and hydrostatic drives were common on self-propelled 

windrowers. Some advantages of hydrostatic propulsion drives in com¬ 

parison with other types of drives are 

1. They provide infinitely variable speed control from full reverse to full 

forward, under load, with a single control lever. No separate clutch is 
needed. 

2. The closed-loop feature provides positive speed control under all condi¬ 

tions. The ground speed at any control-lever setting is essentially con¬ 

stant, regardless of positive or negative propulsion power require¬ 
ments. 

3. They provide dynamic braking when moving and static braking in 
neutral. 

4- The control is position-responsive (i.e., speed is related to lever posi¬ 
tion). 

Hydrostatic drives are less efficient than full mechanical power transmis¬ 

sion systems, especially under reduced loading.18 This characteristic, 

however, is not of great consequence in combines because usually the major 

portion of the engine output is required to drive functional components. 

Most other self-propelled machines have relatively low propulsion power re¬ 

quirements in comparison with tractors providing drawbar power. 

Hydrostatic drives are more expensive than other types, but costs are being 

reduced by improved technology and by increased production as their use 
expands. 

Whereas the torque available from a variable-speed mechanical drive in¬ 

creases as the output speed is reduced, the maximum torque from a 

hydraulic motor is limited by the relief pressure and remains essentially con¬ 

stant as the speed is reduced. For this reason, a multispeed, gear-type 

transmission is usually used in conjunction with the hydraulic motor on 

combine drives. Although the full speed range down to zero can be obtained 

in the highest transmission gear, the use of a lower gear for low forward 

speeds increases the available torque. For a given low-speed maximum tor¬ 

que requirement, the use of a multispeed mechanical transmission permits 
the use of a smaller pump and a smaller motor.18 
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Self-propelled windrowers need to be able to reverse one drive wheel while 

the other one is still moving forward, in order to make square turns. This is 

accomplished by having two hydrostatic drive systems, one for each wheel.4 

Controls for the two variable-displacement pumps are interconnected to per¬ 

mit changing both speeds either equally or differentially. The motors also 

have variable displacement; with the minimum displacement (about half of 

the maximum) being employed to obtain road speeds. 

When a hydrostatic drive has a variable-displacement motor, it is 

desirable to have the controls arranged so the motor displacement cannot be 

reduced until the pump displacement is at its maximum adjustment. A 

hydrostatic drive can have 2 parallel-connected motors at the 2 drive wheels, 

driven from a single pump. This arrangement eliminates the differential 

gears and drive axles. Hydraulic motorized wheels, with radial-piston or 

rotor-type motors built into the hubs and having bolt circles to take standard 

vehicle disk wheels, are commercially available. 

In common usage, the term “hydrostatic propulsion drive” refers to the 

type of drive described in the preceding paragraphs. Another type of propul¬ 

sion drive that is much less expensive has a fixed-displacement pump driving 

a fixed-displacement motor in an open-loop circuit. Speed is controlled by 

means of an adjustable bypass flow divider or with an adjustable flow 

regulator valve in parallel with the motor as in Fig. 4.11. Speed control is 

not as smooth or as positive as with a closed-loop system. The motor can 

overrun the pump (i.e., no braking action) unless a suitable restriction or 

pressure control is provided between the motor outlet and the reservoir. 

4.26. Hydraulic Power Transmission in Multifunction Systems. If a 

hydraulic system includes both motors and cylinders but requires only inter¬ 

mittent operation of the motors and only one function at any one time, a 

simple, open-center circuit with series-parallel valves is satisfactory. But if 

one or more motors are to be operated continuously, or if two or more func¬ 

tions must be operated simultaneously, flow dividers or flow regulators are 

needed. If no more than 2 or 3 functions are involved, these might be 

operated in series, provided their flow requirements were the same and the 

sum of their pressure requirements did not exceed the rated pressure for the 

system. 
The pump for a system having several functions in parallel must have 

enough capacity to meet the total needs for all components that might be 

operated at any one time. The components should be selected such that their 

required operating pressures match as closely as possible, because the pump 

must always deliver its full flow capacity against the highest pressure re¬ 

quired by any function that is being operated. Excess pressure not needed for 

other functions operated at the same time must be absorbed by throttling. 

When a system includes continuously operating motors, it is often advan¬ 

tageous to divide it into two or more independent circuits with a separate 
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Fig. 4.11. Multifunction hydraulic system for a self-propelled tomato harvester. (Courtesy of 

FMC Corp.) 

pump for each (but usually with a common reservoir). Tandem gear or vane 

pumps, with two or more pumping units in the same housing and on the 

same shaft, are available for this purpose. Single pumps may also be used. 

Each motor is connected to a separate pump which automatically adjusts its 

discharge pressure to the motor needs (up to the relief pressure). Motor 

speed can be controlled by a bypass flow divider without affecting any other 
components of the system. 

Two or more motors loaded in proportion to their ratings might be 

operated in parallel from the same pump, provided the loads maintain a rea¬ 

sonably constant relationship and moderate speed variations can be 

tolerated. In most cases all cylinders in a system would be served by one 
pump. 

Hydraulic motors are sometimes connected in series for driving conveyors 

that operate in sequence. This arrangement ensures approximate syn¬ 

chronization of speeds even though the loads vary. If one motor stalls 
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because of an overload or stops for any other reason, all conveyors in the 
system are automatically stopped. To produce a given torque at a given 
speed, 2 series-connected motors would need to be twice as large as 2 parallel 
motors because of the smaller pressure differential across each motor. 

Figure 4.11 shows the circuit diagram for a multifunction system having 
three pumps. One pump is for power steering and the lift cylinders, one is for 
the propulsion drive, and the third supplies all other motors. The output 
from the third pump can be directed to the propulsion motor for increased 
road-travel speeds. Note the groups of series motors supplied through 
priority flow dividers, the parallel dirt-conveyor motors supplied through a 
proportional flow divider, and the series-priority arrangement of the three 
directional control valves for the lift cylinders. 

4.27. Tractor Hydraulic Remote Motors. For many years the principal 
function of hydraulic systems on agricultural tractors was to provide energy 
for tractor control functions and implement controls. But as hydraulic con¬ 
trol functions have expanded and system capacities increased, tractor 
hydraulic systems have become more important as a significant potential 
means of utilizing engine power. Since most tractors have outlets for con¬ 
necting remote cylinders, it is only logical that consideration be given to 
providing remote motors that can be connected to these same outlets. 

As a first step, an ASAE standard for remote hydraulic motors' was 
adopted in 1968. The motor is considered to be part of the tractor. Hose 
lengths are to permit mounting the motor anywhere within a specified 
spherical radius from the tractor drawbar hitch point. Mounting dimensions 
and shaft sizes are specified. The rated operating speed is 1000 r/min, 
corresponding to the higher standard speed for mechanical power-take-off 
drives. Motors are to be reversible and have variable speed control. 
Minimum motor outputs are to be 3.7, 7.5, and 11.2 kW [5, 10, and 15 hp] 
for 3 tractor size ranges, at 80% of minimum relief pressure. These 
minimum capacities represent 10 to 25% of the maximum drawbar power. 

For certain implement applications that are within the limited power 
capabilities of tractor hydraulic remote motors, this type of drive offers 
significant advantages over mechanical PTO drives or small engines in 
regard to versatility, compactness, and ease of variable speed control. More 
heat-dissipation capability is needed for continuous motor operation than 
for intermittent operation of cylinders and other tractor control functions. 
Although many tractor hydraulic systems are now designed to permit 
remote motor operation, others do not have adequate oil-cooling capacity 

for continuous operation of motors. 
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PROBLEMS 

4.1. The hydraulic control valves of a multicylinder system are manipulated to connect 

two cylinders in series as indicated in the accompanying diagram. Each cylinder has a bore of 76 

Cylinder A 
II kN 

thrust 

Cylinder B 
15 kN 
thrust 
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mm and a piston-rod diameter of 25.4 mm. The thrust loads are indicated on the diagram. The 

pump output is 32 L/min. Calculate: 

(a) Required pump pressure, neglecting line losses. 

(b) Rate of piston movement for each cylinder, in millimetres per second. 

(c) Power input to the pump, assuming an overall system efficiency of 60%. 

4.2. Develop a graphic-symbol diagram for three series-parallel stacked valves similar in 

function to those shown in Fig. 4.6, 

4.3. It is desired to control the front gangs and the rear gang of a mounted row-crop 

cultivator with a single control lever and to have automatic delayed lifting and automatic 

delayed lowering of the rear gang. Using graphic symbols, show an arrangement that will delay 

motion of the rear cylinder until the front cylinder reaches the end of its stroke (in either direc¬ 

tion). Show only the portion of the circuit downstream from the directional control valve. In¬ 

dicate an appropriate opening pressure for each pressure sequence valve if the system rated 

pressure is 8 MPa and the maximum lifting pressure required for each cylinder is 2 MPa. (The 

symbol for a pressure sequence valve is the same as for a pressure relief valve except that the 

outlet line goes to the next function instead of to the reservoir.) 

(a) For a system in which both cylinders are double-acting. 

(b) For a system in which the rear cylinder is single-acting (the usual situation for a three- 

point hitch). The system relief valve should not be required to operate while either piston is 

moving. 

4.4. Assume that, for the conditions represented in Fig. 4.9, the actual increments of plow lift 

for successive 25.4-mm increments of piston travel were 23, 31, 36, 41, 48, 69, 91, and 99 mm 

(438 mm total lift). Plot this assumed curve of plow lift versus piston travel (cumulative values). 

Then, using the curve in Fig. 4.9, determine the ideal lift curve for constant thrust requirement. 

Plot this ideal curve on the same graph with the assumed actual lift curve. Tabulate your data 

and results. 

4.5. The output torque from a gear-rotor motor is 82 N-m at 275 r/min. The required flow 

rate is 34 L/min, the motor displacement is 105 cm3 per revolution, and the motor overall ef¬ 

ficiency is 72%. The total pressure loss in lines, valves, and fittings is 0.41 MPa. The pump 

overall efficiency is 75%. Calculate: 

(a) Power output from the motor. 

(b) Required pressure drop across the motor. 

(c) Volumetric efficiency of the motor. 

(d) Overall system efficiency, assuming all of the pump output passes through the motor. 

4.6. The speed of the motor in Problem 4.5 is reduced 25% by bypassing part of the pump 

output. The torque requirement is unchanged. Assume the pump and motor efficiencies and the 

total pressure loss in the lines to and from the motor remain the same as in Problem 4.5. 

Calculate: 

(a) Pressure drop across the motor. 

(b) Flow rate through motor. 

(c) Overall system efficiency. 
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Soil Tillage and Dynamics 

5.1. Introduction. This chapter considers some of the general aspects of 

tillage and tillage methods, including a brief coverage of some of the princi¬ 

ples of soil dynamics as applied to tillage. In general, no attempt has been 

made to describe soil failure patterns or the mechanisms of soil failure. 

Although soil-dynamics research was conducted as early as 1920, there 

has been a marked upsurge in this area of research since about 1950, from 

which has come a tremendous number of scientific papers. Gill and Vanden 

Berg have analyzed, summarized, and coordinated soil-dynamics research 

results reported through 1964, relating these results to basic principles and 

concepts. Their efforts resulted in a 500-page reference book10 that repre¬ 
sents a major contribution in the field of soil dynamics. 

In spite of the rapid advances made in recent years, tillage is still far from 

being an exact science. Although one of the major objectives of tillage is to 

provide optimum environmental conditions for plant growth, we cannot 

quantitatively specify or identify the desired soil conditions. Forces applied 

to a tillage tool to produce a given effect upon the soil can be accurately 

measured but we cannot reliably predict the effects of changes in tool design. 

Consequently, it is not surprising that the design of tillage equipment is still 
largely an art rather than a science. 

The importance of optimizing tillage operations and improving tillage 

tool design becomes apparent when one considers that just in the United 

States more than 225 X 109 Mg [250 billion tons] of soil are estimated to be 

stirred or turned each year. To plow this soil once requires 2 X 109 litres [500 
million gallons] of gasoline or diesel fuel.10 

Throughout this chapter, reference is made to tillage tools and tillage im¬ 

plements. A tillage tool is defined as an individual soil-working element, 

such as a plow bottom, a disk blade, or a cultivator shovel. A tillage imple¬ 

ment consists of a single tool or a group of tools, together with the 

associated frame, wheels, control and protection devices, and any other 
structural and power transmission components. 

5.2. Tillage Objectives. Tillage may be defined as the mechanical 

manipulation of soil for any purpose. In agriculture, some of the objectives 
of tillage are: 

1. To develop a desirable soil structure for a seedbed or a rootbed. A 

granular structure is desirable to allow rapid infiltration and good 

112 
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retention of rainfall, to provide adequate air capacity and exchange 

within the soil, and to minimize resistance to root penetration. A good 

seedbed, on the other hand, is generally considered to imply finer parti¬ 

cles and greater firmness in the vicinity of the seeds. 

2. To control weeds or to remove unwanted crop plants (thinning). 

3. To manage plant residues. Thorough mixing of trash is desirable from 

the tilth and decomposition standpoints, whereas retention of trash in 

the top layers reduces erosion. On the other hand, complete coverage is 

sometimes necessary to control over-wintering insects or to prevent in¬ 

terference with precision operations such as planting and cultivating 

certain crops. 
4. To minimize soil erosion by following such practices as contour tillage, 

listing, and proper placement of trash. 
5. To establish specific surface configurations for planting, irrigating, 

drainage, harvesting operations, etc. 
6. To incorporate and mix fertilizers, pesticides, or soil amendments into 

the soil. 
7. To accomplish segregation. This may involve moving soil from one 

layer to another, removal of rocks and other foreign objects, or root 

harvesting. 

5.3. Tillage Methods. Tillage operations for seedbed preparation are of¬ 

ten classified as primary or secondary, although the distinction is not always 

clear-cut. A primary tillage operation constitutes the initial, major soil¬ 

working operation; it is normally designed to reduce soil strength, cover 

plant materials, and rearrange aggregates. Secondary tillage operations are 

intended to create refined soil conditions following primary tillage. The 
moldboard plow is most commonly used for primary tillage, but disk plows, 

heavy-duty disk harrows, chisel-type tools, blade-type subsurface tillers, and 

rotary tillers are also employed. Plows and disk-type implements cut, shatter 

and at least partially invert the soil. Chisel-type tools and subsurface blade 

tillers break up the soil without inverting it. A wide variety of implements, 

including some of those mentioned above, is used for secondary tillage and 

for cultivation when planting. 
Considerable attention in recent years has been directed toward the poten¬ 

tialities of multipowered tillage tools, i.e., tools which obtain their energy in 

more than one manner. Rotary tillers, oscillating tillage tools, and powered 

.spading machines are examples. These tools obtain part of their energy from 

a rotary source, usually the tractor PTO. Reduced draft requirements and 

greater versatility in manipulating the soil to obtain a desired result are two 

reasons for considering these more complex types of equipment. If draft re¬ 

quirements can be reduced by utilizing at least part of a tractor s output 

through nontractive means, the tractor can be made with less mass, which 

will reduce its cost and reduce soil compaction. 
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Rotary tillers have low or negative draft requirements, but total power re¬ 
quirements are high and pulverization may be excessive. Forced vibration or 

oscillation of a tillage tool may substantially reduce draft requirements, but 

the total power input is usually not decreased and may be increased. Spading 

machines, developed in Europe, have articulated spades or diggers that lift 

and invert the soil. Although energy requirements are reasonable, current 
models are mechanically complex and lack durability.23 

5.4. Minimum-Tillage Systems. Engineers and crop and soil scientists are 

generally agreed that more tillage is being done than is necessary to assure 

maximum net income from crop production. In some cases, soil compaction 

from the tractor and implements in a sequence of secondary tillage opera¬ 

tions may virtually eliminate the effects of primary tillage operations. 

Continuous-width tillage operations are usually designed to produce a good 

seedbed, even though the degree of soil pulverization and the firmness may 
be excessive for optimum root growth. 

In recent years there has been increasing interest in minimum-tillage 

systems as a means of reducing row-crop production costs and improving 

soil conditions. Minimum tillage is a broad principle that can be applied in 
many ways. The major objectives are 

1. To reduce mechanical-energy and labor requirements. 
2. To conserve moisture and reduce soil erosion. 

3. To perform only the operations necessary to optimize the soil condi¬ 

tions for each type of area within a field (e.g., row area versus inter-row 
area). 

4. To minimize the number of trips over the field. 

In some minimum-tillage systems, till-and-plant combination units follow 

plowing, chiseling, or other primary tillage, with narrow strips receiving 

shallow secondary tillage just ahead of the planter. Other types of combina¬ 

tion units perform zone or strip tillage just ahead of the planters in untilled 

soil or in soil that was plowed during the previous fall. Several arrangements 

of combination units that will perform minimum-tillage and planting opera¬ 
tions are commercially available. 

The principal application of minimum-tillage systems has been in corn, 

although zone tillage has been used successfully in cotton2 and a number of 

other row crops. Minimum-tillage corn is often planted through sod or 

small-grain residue. In the so-called “no-tillage” system, a fluted coulter or 

other appropriate tool cuts and tills a strip 5 to 8 cm [2 to 3 in.] wide 

through the stubble or mulch and the planter follows immediately behind 

Among the early approaches to minimum tillage in corn were (a) combining 

the plowing and planting operations, and (b) planting in wheel tracks imme¬ 

diately after plowing. For various reasons, neither of these methods has 
received much acceptance. 

Lister-planting in untilled fields is a form of minimum tillage that is prac- 
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ticed with corn and other row crops in some areas. Each row is planted in the 

bottom of a lister furrow or on a raised plateau strip in the furrow, in a com¬ 

bined operation. In the coastal plains of the Carolinas and Georgia, for ex¬ 

ample, various kinds of annual row crops are planted in small-grain residue 

without previous tillage.12 
Experience has indicated that minimum tillage, under suitable conditions 

and with some row crops, is a practical way to conserve resources and reduce 

production costs, usually without reducing yields.25 Minimum-tillage 

systems may introduce new management problems, particularly when sur¬ 

face plant residues are involved. Insect problems may be increased and effec¬ 

tive chemical weed control is essential. 

5.5. Stubble-Mulch Tillage. The chief objectives of stubble-mulch tillage 

are to reduce wind and water erosion and to conserve water by reducing run¬ 

off. This practice is widely accepted in the Great Plains and other arid or 
semiarid regions. Stubble-mulch tillage involves cutting the roots of weeds 

and other plants and leaving the crop residue on the surface or mixed into 

the top few centimetres of soil. The proper disposition of the residue depends 

upon the amount present and the subsequent operations involved. The large 

amounts of residue at or near the surface protect the soil but introduce 

problems in planting (since the planter must penetrate the mulch) and in 

cultivation if row crops are included in the crop rotation. 
Special, blade-type subsurface tillers have been developed to perform 

either the initial or subsequent tillage operations without stirring or turning 

the tilled layer. V-shaped sweeps designed for this purpose may have cutting 

widths ranging from 0.6 to 2.4 m [2 to 8 ft]. Straight blades operated at right 

angles to the direction of travel are sometimes used for the initial 

tillage operation. Rod weeders are also employed. In extremely heavy mul¬ 

ches where some of the residue must be mixed into the top few centimetres of 

soil, vertical-disk plows and disk harrows may be used. Field cultivators, 

chisel plows, rotary hoes, and skew or mulch treaders are also employed in 

some situations.24 In tilling summer-fallow wheat stubble, 4 tillage opera¬ 

tions at about 1-month intervals may be required to control weeds.24 

5.6. Definitions of Force, Energy, and Power Terms. In considering tillage 

force and energy relations it is important that the student be thoroughly 

familiar with the fundamental definitions and relations of mechanics. Perti¬ 
nent terms, along with additional concepts used specifically in connection 

with farm machinery, are defined in this section. 
Force is any action that changes or tends to change the state of rest or mo¬ 

tion of a body. A force is completely specified by its magnitude and direction 

and the position of its line of action. Common units are the newton in the SI 

system and the pound in the customary system. 
Pull on an implement is the total force exerted upon the implement by a 

power unit. With tillage implements it is generally at some angle above the 
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horizontal, and it may or may not be in a vertical plane parallel to the line of 
motion. 

Draft is the horizontal component of pull, parallel to the line of motion. 

Side draft is the horizontal component of pull, perpendicular to the line of 
motion. 

Specific draft is the draft per unit area of tilled cross section, usually ex¬ 

pressed as newtons per square centimetre [pounds force per square inch.] 

Torque is the moment of a force tending to produce rotation about a 

point. It is the product of the force times its radius of rotation and is com¬ 

monly expressed as newton-metres [pound-force-inches]. A couple 
consists of two equal and opposite forces that are parallel but not con¬ 

current. The magnitude or moment of a couple is equal to the product of one 

of the forces times the perpendicular distance between the two forces. A cou¬ 

ple may tend to produce rotation about any point in the plane of the two 

forces. Thus, torque is a special case of a couple with the center of rotation 
on the line of one of the forces. 

Work is the product of force (in the direction of motion) times the dis¬ 

tance through which the force acts. Common units are the joule in the SI 
system and the foot-pound-force in the customary system. 

Power is the rate of doing work. Common units are the kilowatt in the SI 

system and the horsepower in the customary system. One kilowatt is one 

kilojoule of work per second. One horsepower is 550 ft-lbf of work per se¬ 
cond. 

Drawbar power (dbp), in relation to either a pull-type or a mounted imple¬ 

ment, is the power actually required to pull or move the implement at a 
uniform speed. 

Kilowatt-hour [horsepower-hour] is the quantity of work performed when 
one kilowatt [one horsepower] is used for one hour. 

5.7. Forces Acting upon a Tillage Tool or Implement. The engineer is con¬ 

cerned with the forces acting upon a tillage implement from the standpoints 

of total power requirements, proper hitching or application of the pulling 

force, designing for adequate strength and rigidity, and determination of the 

best shapes and adjustments of tools. A tillage implement (or tool) moving 

at a constant velocity is subjected to three main forces or force systems, 
which must be in equilibrium. These are 

1. Force of gravity acting upon the implement. 

2. The soil forces acting upon the implement. 

3. The forces acting between the implement and the prime mover. If tor¬ 

que from rotary power transmission is not involved, the resultant of 

these forces is the pull of the power unit upon the implement. 

Clyde4 subdivides the total soil reaction into useful and parasitic forces. 

He defines useful soil forces as those which the tool must overcome in 
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Fig. 5.1. Two ways of expressing the total soil reaction on a tillage tool when a rotational effect 

exists, (a) Two nonintersecting forces, Rh and V. (b) One force R, plus a couple Va in a plane 

perpendicular to the line of motion. (A. W. Clyde.5) 

cutting, breaking, and moving the soil. Parasitic forces are those (including 

friction or rolling resistance) that act upon stabilizing surfaces such as the 

landside and sole of a plow or upon supporting runners or wheels. Under a 

given set of operating conditions with a specific implement, the operator has 

little control over the useful soil-resistance forces. However, both the 

designer and the operator have some control over parasitic forces. 

When a tool is not symmetrical about the vertical, longitudinal plane 

through its centerline, the useful soil forces usually introduce a rotational ef¬ 

fect. Two ways of expressing the total soil reaction on a tillage tool for the 

general case in which a rotational effect exists are shown in Fig. 5.1. Other 

methods that have been used by different investigators include 

1. A wrench, i.e., one force plus a couple in the plane perpendicular to the 

force. 
2. Three forces on mutually perpendicular axes and three couples in the 

planes of intersection of the axes. 

3. Three forces in three major planes. 

Results of force measurements may be accurately represented by any of 

these five methods, and results expressed in one form can be transposed to 

another form by methods of statics. One method may be more desirable 

than the others in a particular situation, depending upon the intended use of 

the data. Vanden Berg21 points out that the unique line of action of a single 

resultant force can be shown only by the wrench method because this system 

represents the minimum couple. 
5.8. Symbols Used in Tillage Force Analysis. The most common symbols 

occurring in the several chapters dealing with tillage implements are iden¬ 

tified in the following list. Others are identified as they appear in the various 

sections. 
R = resultant of all useful soil forces acting upon the tool or implement 

(Fig. 5.16). Where useful and parasitic forces cannot be deter¬ 

mined separately, R includes both. 

L = longitudinal or directional component of R (Fig. 5.1) 
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S' = lateral component of R (Fig. 5.1) 

V = vertical component of R (Fig. 5.1) 

Rh = resultant of L and S (Fig. 5.1a) 

Rv = resultant of L and V (i.e., component of R in a vertical, 
longitudinal plane) 

a = lateral distance between V and Rh, for tools having a rotational ef¬ 
fect (Fig. 5.1a) 

Va = couple tending to rotate the tool about the longitudinal axis (Fig. 
5.1 b) 

Q = resultant of all parasitic forces acting upon the implement 

Qh = component of Q in a horizontal plane. It includes stabilizing side 

forces and the accompanying longitudinal friction forces. 

Qv = component of Q in a vertical, longitudinal plane. It includes ver¬ 

tical support forces and the accompanying longitudinal friction 
forces or rolling resistance. 

P = resultant pull exerted on the implement by the power unit 

Ph = component of P in a horizontal plane 

Pv = component of P in a vertical, longitudinal plane. 
W = force of gravity acting on the implement, through the center of 

gravity 

H = horizontal center of resistance of the implement, which is the point 

of concurrence of Rh and Qor of two R^ components as in a disk 
harrow 

G = point of concurrence of Qv and the resultant of W and Rv. It might 
be called the vertical center of resistance. 

The subscripts x, y, and z, as applied to P and Q, refer to force compo¬ 

nents in the longitudinal, lateral, and vertical directions, respectively. 

5.9. Mechanics of Tillage. The reactions of soils to forces applied by 
tillage tools are affected by the resistance of the soil to compression, the 

resistance to shear, adhesion (attractive forces between the soil and some 

other material), and frictional resistance.15 These are all dynamic properties 

in that they are made manifest only through movement of the soil.10 Ac¬ 

celeration forces are not a soil property but are also present. Nichols15 has 

shown that reactive forces of all classes of soils are dominated by the film 

moisture on the colloidal particles,* and are thus directly related to the soil 
moisture and colloidal content. 

Soils may be classed as plastic and nonplastic, the term plastic implying 

that the soil is moldable within a certain range of moisture contents and that 

it will retain its molded shape after drying. Sands or oiher soils containing 

less than 15 to 20% colloids or clay are generally considered to be nonplastic. 

Colloidal particles are disk- or plate-shaped particles that characterize clay soils. Pure sand 
has zero colloidal content. 
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If a plastic soil is saturated with water and then allowed to dry, it passes 

through the following stages, in order: sticky, plastic, friable (crumbly), and 

hard (cemented). The friable stage represents optimum conditions for 

tillage. Soil compaction by tillage implements and power units, which is a 

serious problem in some areas, is promoted by working the soil when too 

wet. 
Practically all tillage tools consist of devices for applying pressure to the 

soil, often by means of inclined planes or wedges. As the tool advances, the 

soil in its path is subjected to compressive stresses which, in a friable (un¬ 

cemented) soil, result in a shearing action. The shearing of soils is con¬ 

siderably different from the shearing of most solids, in that the reaction may 

extend for a considerable distance on either side of the shear plane because 

of internal friction and the cohesive action of moisture films. 

Cohesion may be defined as the force that holds two particles of the same 

kind together. Internal friction results from interlocking of particles within 

the soil mass. Cohesion and internal friction are sometimes referred to as 

real physical properties of the soil. In reality they are only parameters of 

shear, as indicated in the following equation.10 

t = C + a tan 0 15.11 

where r = shearing stress at soil failure 

C = cohesion 
tj = stress normal to plane of shear failure 

0 = angle of internal friction 

Based on equation 5.1, cohesion might be rationalized as the shear stress 

with zero normal load. Values for C and 0 may be determined by measuring 

the shear stress for several values of normal stress a. Shear strength has an 

important influence on the draft of a tillage tool. 
Failure of a soil by compression is generally associated with a reduction in 

volume. Failure by shear and failure by compression are not independent 

phenomena, but occur as some combined action.10 Failure or yielding of a 

soil can also be evidenced as plastic flow without the usual shattering and 

developing of shear failure surfaces. An example is the “flowing” of a wet 

clay soil around a subsoiler shank as the tool moves through the soil.10 
Soil cutting may be defined as a slicing action that does not result in any 

other major failure such as shear. Conditions under which pure cutting can 

occur are determined by the soil characteristics and moisture content and, to 

some extent, by the degree of confinement.10 In many tillage operations, 

cutting is not a clearly defined, independent action. 

5.10. Friction and Adhesion. All tillage operations involve a sliding action 

of soil over some surface of the tool. Friction of soil against a tool having 

large contact areas represents a significant component of the draft require¬ 

ment. Friction is also involved when two rigid bodies of soil move with 
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respect to each other. This phenomenon is distinctly different from the inter¬ 

nal friction included in equation 5.1.10 Unless large normal loads or speeds 

are involved, rigid-body soil-on-soil friction is usually assumed to follow the 
law for simple friction,10 in which 

where n = coefficient of friction (soil on soil) 

F = frictional force tangent to the surface 

N = normal force (perpendicular to the surface) 
ip = friction angle 

In this idealized relation, n is independent of the normal load, the contact 
area, and the speed of slipping. 

Friction of soil on a tillage tool is usually soil-on-steel, but is sometimes 

soil-on-plastic (e.g., on plow bottoms covered with plastic). When soil slides 

on metal, adhesive forces between the soil and the metal have a marked in¬ 

fluence on the friction force. The adhesive forces are primarily due to the 

moisture films, and their magnitude varies with the moisture content. The 

adhesive force has the effect of increasing the normal (perpendicular) load 

on the surface, thus increasing the tangential friction force. Since it is im¬ 

practical to separate the effects of these two components, the usual practice 

in laboratory testing is to represent their combined effect by an “apparent 

coefficient of friction” which is identified as n' (to distinguish it from n in 
equation 5.2). 

The general relation between soil-metal friction and soil moisture content, 

as described by Nichols,16 is shown in Fig. 5.2. In the friction phase, adhesive 

forces are small and the coefficient of friction is essentially independent of 

Fig. 5.2. Characteristic curve showing the effect of moisture content upon the apparent coef¬ 

ficient of friction between soils and steel. 
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moisture content. Soils in a friable condition usually have moisture contents 

in this range. In the adhesion phase, moisture films develop between the soil 

particles and the metal, thus creating adhesive forces that cause the apparent 

coefficient of friction to increase rapidly with moisture content. When the 

soil has enough moisture to act as a lubricant, the apparent coefficient of 

friction decreases as more water is added. 
The transition moisture contents between phases increase with clay con¬ 

tent, being higher for clay soils than for sandy soils. Apparent coefficients of 

friction are higher for clays than for sandy soils. Typical ranges for soil on 

smooth steel having an ordinary polish, as reported by various investigators, 

are 0.2 to 0.5 for sand, 0.3 to 0.65 for loams, and 0.35 to 0.8 for clay soils. 

The lower portion of each range represents values in the friction phase. 

The type and smoothness of the material on which the soil slides affects 

the apparent coefficient of friction. Materials such as Teflon, which resist 

wetting, do not develop large adhesive forces with the soil and therefore have 

substantially lower apparent coefficients of friction (Fig. 5.3). 
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Fig. 5.3. Comparison of apparent coefficients of friction for steel and Teflon, in relation to 

moisture content. (W. R. Fox and C. W. Bockhop.6) 

Several investigators have found that soil-metal apparent coefficients of 

friction decrease as normal loads become large, particularly in moist clays 

and clay loams.10,17 
5.11. Soil Strength Characterization by Penetration Resistance. Soil 

strength is the ability or capacity of a soil in a particular condition to resist 

or endure an applied force.10 Penetration resistance is a composite 

parameter that involves several independent properties of a soil but is 

generally considered to reflect the strength of the soil. To measure penetra¬ 

tion resistance, a simple, instrumented probe known as a penetrometer is 

pushed into the soil and the force is observed in relation to penetration 

depth. Penetrometer force readings per unit of base cross-sectional area 
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provide indications of relative strengths of different soils and of uniformity 
versus depth in a particular soil condition. 

ASAE Recommendation R313, adopted in 1968, specifies dimensions for 

two proposed standard sizes of cone penetrometers and also includes a 

procedural method for obtaining readings. The adoption and general accep¬ 

tance of this recommendation has greatly enhanced the usefulness of 
penetrometer data. 

5.12. Abrasion by Soils. Abrasiveness is a dynamic property of soils that 

has a cumulative effect rather than an immediate effect. When a large 

amount of soil slides over the surface of a tillage tool, abrasive wear may 

change the size, shape, or roughness of the tool enough to make it ineffec¬ 

tive, especially if soil pressures against the tool are high. Soil characteristics 

or conditions that affect abrasiveness include the hardness, shape, and size of 

the soil particles, the firmness with which the particles are held in the soil 

mass, and the soil moisture content. The abrasive resistance of metals is in¬ 

fluenced mainly by the composition of the material and by its hardness, 

strength, and toughness. The effects of some of these factors are discussed in 
Section 7.9 in relation to disk-blade wear and durability. 

A layer or coating of a special, abrasion-resistant alloy is often applied 

along the cutting edges of tillage tools to reduce wear rates, especially for 

operation in sandy or sandy loam soils. This process is known as hard facing 

or hard surfacing. Hard-facing materials of different compositions are 

available for specific combinations of abrasion and impact conditions. These 
materials, sold under various trade names, are extremely hard and some are 

quite brittle. They are generally nonferrous, chromium-cobalt-tungsten 

alloys, or high-carbon iron-base alloys containing such elements as 

chromium, tungsten, manganese, silicon, and molybdenum. They are ap¬ 

plied to plowshares, subsoiler points, chisel cultivators, and other tillage 
tools by means of the electric arc or an acetylene torch. 

5.13. Tillage-Tool Design Factors.* The purpose of a tillage tool is to 

manipulate (change, move, or form) a soil as required to achieve a desired 

soil condition. Three abstract design factors — initial soil condition, tool 

shape, and manner of tool movement — control or define the sbil manipula¬ 

tion. The results of these three independent input factors are evidenced by 

two output factors, namely, the final soil condition and the forces required to 

manipulate the soil. All five factors are of direct concern to a tillage imple¬ 
ment designer. 

Of the three input factors, the designer has complete control only of the 

tool shape. The user may vary the depth or speed of operation and may use 

♦This section is based primarily on material from reference 10, but reference 20 contains an 

excellent discussion of design considerations for various basic operations that may be per¬ 
formed by tillage implements. 
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the tool through a wide range of initial soil conditions. However, tool shape 

cannot be considered independently of manner of movement or initial soil 

condition. The orientation of a tool shape with respect to the direction of 

travel must be defined. Different initial soil conditions sometimes require 

different shapes. For example, many different shapes of moldboard plows 

have been developed for different soil types and conditions. 

The shape that is of concern in design is the surface over which soil moves 

as a tillage tool is operated. Gill and Vanden Berg10 classify three shape 

characteristics as macroshape, edgeshape, and microshape. The term 

macroshape designates the shape of the gross surface, whereas edgeshape 

refers to the peripheral and cross-sectional shapes of the boundaries of the 

soil-working surface. Notched and smooth disk blades have different 

edgeshapes but the macroshapes may be the same. Microshape refers to sur¬ 

face roughness. 

Most tillage-tool shapes have been developed by cut-and-try methods or 

on the basis of qualitative analysis. The manipulation-shape relation has 

received greatest emphasis in the development of moldboard plow bottoms, 

whereas force-shape relations have been of concern in subsoilers and chisel- 

type tools. Mathematical descriptions of shapes are the most versatile means 

of representation, but tools such as moldboard plows have complex shapes 

that cannot easily be represented in mathematical form. Graphic representa¬ 

tion is often employed for plow bottoms, although mathematical analyses 

have been attempted and computer analysis of plow-bottom shapes is in¬ 

creasing. 
The shape of the cutting edge can materially affect draft as well as vertical 

and lateral components of soil forces. For example, disk blades sharpened 

from the concave side penetrate more readily than blades sharpened from 

the convex side. Worn plowshares reduce the vertical downward force V, 

tend to cause soil compaction, and sometimes substantially increase draft. 
The roughness of a surface over which soil slides (microshape) influences 

friction forces. Surface roughness is related to the initial polish and the effect 

of abrasive wear, and may result locally from rust, scratches, or small 

depressions. Frictional resistance can account for as much as 30% of the 

total draft of a moldboard plow.23 Microshape can also have an important 

effect on other aspects of soil movement, such as scouring. Factors affecting 

scouring are discussed in Chapter 6 because this performance characteristic 

is of major concern with moldboard plows. 
Manner of movement involves orientation of the tool, its path through the 

soil, and its speed along the path. For tools that travel in a straight line (i.e., 

not rotary or oscillating tools), the path is usually identified by merely 

specifying the depth and width of cut. Orientation of a tool having a par¬ 

ticular shape may significantly influence both the soil manipulaton and the 

forces. Often the linkage system used to position a tool affects both depth 
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and orientation. When sufficient power is available, speed is the easiest 

design factor to vary. Increasing the speed generally increases draft but also 

affects soil movement and breakup. 

5.14. Measuring and Evaluating Performance. As indicated in the 

preceding section, tool forces and change in soil condition are the two basic 

aspects of tillage-tool performance. The tool should accomplish the 

necessary soil manipulation with a minimum of energy input, and the final 

soil condition must be acceptable when compared with the desired condi¬ 

tions. The force systems acting on tillage tools can be represented 

mathematically and the forces can be measured. But quantitative assessment 

of performance is difficult because no method has been developed for ade¬ 

quately describing soil conditions or for specifying the conditions needed for 
the intended use. 

Three aspects of final soil condition that may be of interest, depending 

upon the function or purpose of a specific tillage operation, are (a) the 

degree of soil breakup, (b) segregation of clod sizes in relation to depth, and 

(c) uniformity of mixing throughout the tilled depth. Soil breakup may be 

measured by sieving a soil sample that represents the entire tilled depth. Gill 

and Vanden Berg10 describe a rotary sieve designed for this purpose. The 

results may be expressed in terms of the actual size distribution of the clods, 
a mean-mass diameter,* or a pulverization modulus. 

Segregation of clod sizes, perhaps with the larger clods on or near the sur¬ 

face, is sometimes desired but in other situations may be undesirable. Many 

types of tillage tools tend to have this effect, in varying degrees. Sieving dis¬ 

tinct layers of the soil profile provides a means for measuring the segregating 
performance of tillage tools. 

Often an objective of tillage is to mix the soil to obtain uniform 

distribution of clods or moisture. In other instances, applied materials such 

as pesticides or fertilizers need to be uniformly mixed with the soil. Unifor¬ 

mity of mixing can be evaluated by applying tracer materials to the soil sur¬ 

face and determining their distribution after tillage. Easily identifiable 

granules or pellets, radioactive materials, fluorescent materials, dyes whose 

concentrations in soil samples can be determined by spectrophotometry, and 
sodium or potassium chlorides have been employed. 

Evaluation of performance involves comparing the actual final soil condi¬ 

tion with the desired condition. The desired condition is determined entirely 

by the intended use of the tilled soil. The acceptable level of functional per¬ 

formance, assuming it is below the desired level, may be tempered by 

economic considerations and other factors. Performance also includes field 

capacity and energy utilization efficiency, which must be considered when 

* Mean-mass diameter is the 50% value from a curve of cumulative mass percentage versus 
clod diameter. 
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Fig. 5.4. Relation between energy input and the resultant clod size from a drop-shatter test with 

a silty clay loam at 12 to 16% moisture. (W. R. Gill and W. F. McCreery.9) 

comparing two or more implements. Placement and degree of size reduction 

of plant residues are other factors that sometimes must be included. 

To determine the energy utilization efficiency of a tillage implement when 

the primary objective is soil breakup, the equivalent energy represented by a 

reduction in clod size must be determined experimentally. This has been 

done by applying energy to the soil in a controlled manner and measuring 

the effect in terms of clod size. Gill and McCreery9 developed a drop-shatter 

method in which soil samples are dropped from a known height onto a rigid 

surface and the kinetic energy expended in falling is related to the resulting 

mean-mass diameter. Successive dropping of remaining large clods yields a 

relationship between mean-mass diameter and total kinetic energy input 

(Fig. 5.4). 
In other methods of determining the equivalent energy input, forces to 

shatter the soil have been applied by slow compression,3 by striking the soil 

with a pendulum device,3 or by a rotating blade similar to that of a rotary 

tiller. None of the methods measures the absolute energy required for 

pulverization, since failure mechanisms may differ from those in an actual 

tillage system. The results from different methods do not necessarily give the 

same answers.3 A new test must be conducted for each new soil condition. 

Nevertheless, these methods do provide a useful means for comparing the 

results of different tillage operations. 
To evaluate a tillage operation in terms of energy utilization, the actual 

tillage energy input per unit volume is calculated from the measured draft, 

width of cut, and depth of cut. The equivalent energy input determined by 

one of the methods described above is divided by the actual tillage energy in¬ 

put to obtain a dimensionless ratio that might be called the energy utilization 

factor. This factor does not represent tillage efficiency in the strict sense 

because the reference equivalent energy input is not an absolute minimum. 
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Fig. 5.5. An arrangement for completely restraining a tool subframe through six force 

transducers. The “prime” superscripts are used to indicate forces exerted on the subframe by 

the main carrier, as distinguished from L, S, and V components of R (Section 5.8). 

5.15. Measuring Soil Forces on Tillage Tools. If a tool is attached to a 
subframe that is entirely supported from a carrier frame through six ap¬ 

propriately oriented force transducers (Fig. 5.5), the resultant soil reaction 
can be determined completely. The carrier, usually pulled by a separate 
power unit, moves the tool through the soil at controlled speeds, depths, and 
lateral orientations while resulting forces are measured. For accurate results 
a track or guidance system for the carrier is needed to maintain constant 
width and depth of cut in the test zone. 

With such an arrangement, tools having any combination of translational 
and rotational soil reactions can be tested. Parasitic forces may be included 
in the measured soil reaction, or they can be eliminated or minimized by ad¬ 
justment of the tool or by removing any stabilizing or supporting surfaces. 
The effect of gravity on the tool is eliminated from the force considerations 
by taking initial load readings with the tool suspended and then dealing only 
with load changes caused by the soil reaction. The results or outputs from 
the 6 force transducers can be combined into any of the 5 forms indicated in 
Section 5.7. 

Force measurements on full-size tools may be made with mobile field test 
units or by means of laboratory facilities having soils in large bins. Soil-bin 
systems permit conducting tests under carefully controlled and uniform soil 
and operating conditions. This arrangement is particularly suitable for basic 
research and for repetitive tests involving the comparison of different 
designs or tool adjustments under various soil conditions. Quantitatively, the 
results do not necessarily represent field conditions. Field test units yield 
results that are more typical of actual operating conditions but are influen¬ 
ced by the inherent variability of soil conditions, even within one field. Field 
results provide a better basis for structural design than do soil-bin results. 

Clyde did much of the pioneering work in tillage force analysis and 
measurement at Pennsylvania State University. He developed a mobile field 
test unit in about 1935 and used this for many years.4 Lateral control of this 
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unit, which he called the tillage meter, was obtained by metal wheels running 
in movable steel-channel guides. Depth was controlled by two rubber-tired 
wheels running on undisturbed ground. Emphasis was placed on determining 
soil resistances under actual field conditions with easily tilled, typical, and 
rather difficult soils, to give a range of conditions as a basis for design and 
operation. 

Gill and Vanden Berg10 describe two mobile field dynamometer units be¬ 
ing used by research agencies in Europe. Neither of these employ guide rails. 
The NIAE unit is tractor-mounted and has small outrigger tracks to control 
depth. The other unit, in Germany, is on a three-wheel, pull-type carrier. 
Where width of cut must be controlled, as with plows or disk tools, two 
similar tools are mounted on the carrier in the same relation they would have 
on a complete implement, and the rear tool is instrumented. Several imple¬ 
ment manufacturers and other organizations in the United States also have 
mobile test units. 

The USDA’s National Tillage Machinery Laboratory at Auburn, 
Alabama, is a well-known soil dynamics research center that has soil bins 
and has been in operation since about 1936. This laboratory has 9 outdoor 
and 2 indoor soil bins in which full-size wheels, tracks, vehicles, and tillage 
tools may be operated.10 Each bin is 6.1 m [20 ft] wide, 0.6 m or 1.5 m [2 ft or 
5 ft] deep, and 58 m or 76 m [190 ft or 250 ft] long. The soils vary in 
mechanical composition from sand to predominantly clay. They were selec¬ 
ted to provide a wide range of soil characteristics. Rails on the walls between 
bins support the wheels of all soil-fitting and test units. Equipment is 
available for packing, pulverizing, stirring, leveling, or sprinkling the soil 
and for protecting it from the weather. A power car pulls the tool carrier and 
can be operated at speeds from 0.3 to 16 km/h [0.2 to 10 mph]. 

Several agricultural equipment manufacturers, several state agricultural 
experiment stations, and the National Tillage Machinery Laboratory have 
small indoor soil bins intended primarily for research with scale models or 
simple tillage tool shapes. The number of these facilities is continually in¬ 
creasing. In some cases the tool moves along a stationary bin that may be 
6.1 to 18.3 m [20 to 60 ft] long. In other arrangements the soil is moved 
past the stationary tool in a rotating annular-ring trough, in a linearly mov¬ 
ing short bin, or on a belt. 

Most, if not all, present-day test units employ strain-gage force 
transducers. Forward speed is usually measured with a tachometer 
generator which gives an electric signal that can be put onto one channel of 
the same instrument used for the force transducers. Eight-channel recording 
oscillographs, eight-channel magnetic tape recorders, and X-Y recorders are 
commonly employed. In at least one case, all transducer output signals are 
fed directly into an analog computer where all required processing is perfor¬ 

med during the test.22 
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When one particular component or portion of a tool is being studied, it is 
often desirable to isolate the component and measure only the forces acting 
upon it. For example, the share of a moldboard plow can be supported from 
behind by two cantilever beams that structurally isolate it from the rest of 
the plow bottom but still hold it in its correct functional position. Strain 
gages can be applied to the support beams to measure one or more force 
components or for measuring the complete force system on the share. Deter¬ 
mining the complete system requires 6 force measurements — in this exam¬ 
ple, axial force and bending in 2 transverse directions for each beam. 
Sometimes force transducers can be incorporated directly into the structural 
members that normally support the tool or component. 

When determining forces by means of bending-moment measurements, 
bending moments need to be measured at two sections of the beam in order 
to determine the applied normal force accurately.13 The two sections should 
be as far apart as possible (for maximum response) and the cross sections 
must be identical. The bridge circuit is connected so the difference between 
the two moments is measured. Any moments resulting from eccentric force 
components parallel to the beam axis then cancel in the transducer readings, 
since such a moment would have a uniform magnitude over the full length of 
the beam. Axial forces produce no response, since they affect all the strain 
gages equally. 

5.16. Measuring Draft of Pull-Type Implements. As defined in Section 
5.6, draft is the component of pull in the direction of travel. The simplest 
device for measuring pull is a spring-type dynamometer (essentially a heavy 
spring scale) that is connected between the tractor drawbar and the imple¬ 
ment hitch and is read directly. Because of rapid fluctuations in load, such a 
dynamometer is suitable only for rough measurements. A hydraulic type, 
transmitting pressure to a Bourdon gage calibrated in force units, is easier to 
read than the spring type because force fluctuations can be damped con¬ 
siderably by using a viscous fluid or having a restriction in the line to the 
gage. Some hydraulic dynamometers record the pull on a strip chart driven 
by a ground wheel. 

Fig. 5.6. fa) Ring-type force transducer for measuring axial forces, showing the strain-gage 

arrangement; (b) bridge circuit for the strain gages. (A. L. Neuhoff.14) 
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Strain-gage dynamometers are often used for measuring drawbar pull. 
Various configurations are employed, but usually the strain is measured in a 
member subjected to bending. Having opposing gages in tension and com¬ 
pression provides maximum response and simplifies temperature compensa¬ 
tion. A ring-type force transducer with strain gages arranged as shown in 
Fig. 5.6 has good sensitivity to axial tension or compression forces and the 
response is not affected by overall bending loads. 

To provide a complete picture of implement draft and power require¬ 
ments, it is necessary to measure speed and the width and depth of cut in ad¬ 
dition to determining the draft. Because of wide fluctuations in soil condi¬ 
tions and draft, even within a short run, it is desirable to record at least the 
pull in relation to travel distance. Integration of the area under the curve 
then gives the total work and average pull. Speed may be determined by tim¬ 
ing a measured or automatically recorded travel distance or with a 
tachometer generator driven from a ground wheel. 

If a conventional dynamometer is connected directly in the line of pull of 
the implement, the measured force represents the total pull rather than the 
draft component. Then the inclination of the line of pull from the horizontal, 
and the horizontal angle from the direction of travel, must be measured so 
the draft can be calculated from the pull. Zoerb26 describes a direct- 
connected strain-gage dynamometer that has the strain gages on a vertical 
shaft supported by two ball bearings (acting as a simple beam) in such a way 
that the gages sense only the draft component of the pull. By exciting the 
strain-gage bridge circuit with the voltage output from a tachometer 
generator, he was able to obtain direct readings of power. 

The draft of plows is commonly expressed as newtons per square cen¬ 
timetre of furrow slice [pounds force per square inch of furrow slice]. This is 
defined in Section 5.6 as specific draft. For some implements, such as plan¬ 
ters, kilonewtons [pounds force] per row may be specified. For most other 
tillage implements, draft is usually given in kilonewtons per metre of width 
[pounds force per foot of width], sometimes also indicating the depth. 
Typical ranges for implement draft are included in Appendix A. 

5.17. Measuring Hitch Forces on Mounted and Semimounted Implements. 

Draft can be measured by installing strain gages on the front and rear sides 
of lateral, cantilevered pins that support the front ends of the links on a 
three-point hitch. A simple beam, rather than a cantilever beam, can be used 
for the upper-link attachment point. Four gages on each support are ac¬ 
curately positioned so that they respond only to bending moments in a 
horizontal plane. A single reading for draft can be obtained by connecting 
the outputs from the three bridge circuits (one per support) in parallel or 
connecting all the gages into one bridge circuit. Measuring the difference be¬ 
tween bending moments at two sections for each support beam, as described 
in Section 5.15, eliminates the effects of moments caused by friction in the 
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Fig. 5.7. Three-directional, subtractive double-bending-moment force transducers incor¬ 

porated into the lower links of a three-point hitch (upper link not used in this instance because 

the implement was a semimounted plow). The “rod” in the left foreground is one of two sliding 

potentiometers that sense the location of the links. (R. W. Morling.13) 

link ball joints.13 Scholtz19 minimized the effects of ball-joint friction by 
making the lower-link cantilever beams 165 mm [6V2 in.] long (to ball cen¬ 
ter). He measured the bending moment only at one section of each beam. 

The hitch-pin system for measuring draft is suitable only when the imple¬ 
ment receives no support through the hitch lift links or if the lift-link forces 
and angles are measured. Because the lift links are not vertical (Fig. 5.7), 
any force in them would have a longitudinal component that would affect the 
response from the lower-link transducer beams. The forces in the lift links 
could be measured with ring-type transducers (Fig. 5.6) and combined into a 
single reading. The lift-link angles in a vertical, longitudinal plane must also 
be known to determine the correction for the draft readings. 

If longitudinal, vertical, and lateral force components acting upon the im¬ 
plement are all to be determined, simultaneous measurements must be made 
of (a) axial forces and bending moments in 2 directions in the 2 lower links 
(measured behind the lift links), (b) axial force, in the upper link, and (c) the 
directions of all 3 links. Strain gages can be installed directly on the lower 
links or on modified straight links, provided adequate response in all three 
directions is obtainable. A more sensitive arrangement consists of special 
links that transmit axial forces and bending moments through a cantilever 
beam perpendicular to the link axis, employing the subtractive double- 
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Fig. 5.8. Influence of bulk density and desired clod size on the energy input from a pendulum 

for a silty clay loam at 28% moisture. (H. P. Bateman, M. P. Naik, and R. R. Yoerger.3) 

bending-moment principle (Section 5.15) for each of the three directional 
force components.13 An arrangement of this type is shown in Fig. 5.7. A 
ring-type force transducer would be used in the upper link. 

5.18. Energy Requirements for Soil Breakup. As indicated in Fig. 5.4, the 
energy required for soil breakup is related to the desired degree of pulveriza¬ 
tion. The amount of energy required to produce a given degree of pulveriza¬ 
tion depends primarily upon the soil strength and the energy utilization ef¬ 
ficiency of the implement. Soil strength is related to the nature of the soil 
and to its physical condition. Clay soils have higher breakup-energy require¬ 
ments than sandy soils or loams. Climate, cropping practices, cultural prac¬ 
tices, and other factors influence the physical condition. For a given soil, 
energy requirements increase with bulk density, as illustrated in Fig. 5.8. 

The strength of an initially moist soil increases considerably as the soil 
dries out, particularly with clays and clay loams, thereby increasing the 
pulverization energy requirements.8 When tools have large soil-engaging 
surfaces, increased friction in the adhesion stage increases energy require¬ 
ments if the soil is too wet. Thus, scheduling tillage operations so they will be 
performed at optimum moisture contents can be important in relation to 
minimizing energy requirements. In arid regions, irrigation prior to tillage 
may reduce power requirements and/or increase the degree of pulverization. 
Secondary tillage operations should be performed before the clods have time 

to dry out. 
Depth of cut, width of cut, tool shape (including cutting edges), tool 

arrangement, and travel speed are factors that may affect draft and the 
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energy utilization efficiency for a specific soil condition. The effects of these 
parameters vary with different types of implements and with different soil 
conditions. In assessing the effects upon draft, any accompanying effects 
upon the degree of soil pulverization must also be considered. In some cases 
the increased soil breakup may be sufficient to prevent appreciable reduction 
of the energy utilization efficiency. The question must then be asked whether 
the increased pulverization is advantageous in a particular situation. 

With chisel-type implements, average specific draft in a primary tillage 
operation generally shows a slight or moderate increase with depth, par¬ 
ticularly in the heavier soils. Field tests sometimes show a large increase at 
depths below the normal tillage depth because of variations in soil conditions 
(e.g., compacted layers). The effect of depth upon the specific draft of 
moldboard plows is influenced by shape and size, as discussed in Chapter 6. 
Improper location of wheels, runners, or adjacent tools so they interfere with 
the normal soil failure pattern can increase draft.20 Shape and orientation of 
tools are significant factors in regard to draft. These are discussed in the 
chapters dealing with specific types of implements. 

Gill and McCreery9 conducted tests with sections of moldboard plow bot¬ 
toms having widths of 51, 102, 152, and 203 mm [2, 4, 6, and 8 in.] and tak¬ 
ing cuts 25 to 203 mm [1 to 8 in.] wide in a silty clay loam soil at the 
National Tillage Machinery Laboratory. The specific drafts for the 51-mm 
and 25-mm cuts were 40% and 140%, respectively, greater than the average 
for the 102-mm, 152-mm, and 203-mm cuts. But the clod mean-mass 
diameter decreased from 218 mm to 38 mm [8.6 to 1.5 in.] as the width of 
cut was reduced. Energy utilization factors, based on the drop-shatter 
method (Section 5.14) increased from 0.14 with a 203-mm cut to 0.65 with 
the 51-mm cut and 0.79 with the 25-mm cut. Tests with a 66-cm [26-in.] 
disk blade taking 25-mm to 203-mm cuts resulted in higher specific drafts at 
the 25-mm and 51-mm cuts, but not much change in the energy utilization 
factor over the entire range of widths. 

These tests demonstrate the principle of using small cuts in a consolidated 
soil to obtain maximum fragmentation, and suggest that the most efficient 
method of producing a given clod mean-mass diameter is to apply the forces 
in such a manner that the soil breakup all occurs in one step.9 This is the op¬ 
posite approach from present practice, which is to break a mass of soil down 
into smaller sizes by a series of tillage operations. Implements operating in a 
loose soil often tend to merely rearrange the clods without much additional 
breakup. 

The effects of plowing followed by 4 combinations of secondary tillage 
operations were observed in field tests conducted under 7 combinations of 
soil and previous cropping conditions." In 4 fields, in which all tillage opera¬ 
tions for a particular field were performed within a 3-h period, clod mean- 
mass diameters after plowing ranged from 33 mm to 61 mm [1.3 to 2.4 in.]. 
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The first disking after plowing reduced the clod size by 20 to 35% but addi¬ 
tional diskings, or harrowing after disking, usually had no great effect on 
average clod size. Plowing reduced the bulk density by about 25% and all 
secondary tillage operations increased it. 

5.19. Effect of Speed Upon Draft. Increased forward speed increases the 
draft with most tillage implements, mainly because of the more rapid ac¬ 
celeration of any soil that is moved appreciably. Soil acceleration increases 
draft for at least two reasons — first, because acceleration forces increase 
the normal loads on soil-engaging surfaces, thereby increasing the frictional 
resistance, and second, because of the kinetic energy imparted to the soil. 
Since acceleraton forces vary as the square of the speed and since draft also 
includes components that are essentially independent of speed, it seems 
logical to represent the relation between speed and draft by an equation of 

the form 

Ds = D0 + KS (5.3) 

D0 = 
S = 

K = 

where Ds = draft at speed S 

static component of draft, independent of speed 
forward speed 
a constant whose value is related to implement type and 
design and to soil conditions 

The magnitude of the effect of speed upon draft depends on the relative 
magnitude of the components that are independent of speed and the compo¬ 
nents that increase with speed, as influenced by implement type and design 
and by soil type and condition. For example, test results presented in later 
chapters indicate that increasing the forward speed from 4.8 km/h to 9.6 
km/h [3 mph to 6 mph] increased the draft by 90% and 40% for a disk 
plow in 2 different soil types, by an average of 50% for conventional-shaped 
moldboard plows in a variety of soils, and by 15% for a subsoiler. 

5.20. Scale-Model Studies. Field testing of tillage tools is complicated by 
the natural variability of soil conditions. The use of large soil bins for testing 
full-size tools requires an expensive installation of highly specialized equip¬ 
ment. Another approach, offering economy, convenience, and good control 
of conditions, is the application of similitude principles in scale-model 
laboratory testing of tillage tools. Scale models are employed in many dif¬ 
ferent areas of engineering, but it is only since about 1960 that there has been 
much interest in model studies with tillage tools. 

The usual objectives of scale-model testing are (a) to be able to predict 
prototype (full-size) system performance from values measured on a small 
and relatively inexpensive system, or (b) to gain understanding of the nature, 
magnitude, and effect of the physical parameters of the system. Scale-model 
studies are based on the concept of similarity between the prototype system 
and the model, with the same physical laws governing both systems. 
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Two systems will exhibit similar behavior if geometric, kinematic, and 
dynamic similarities are achieved.7 Obtaining geometric similarity is a rela¬ 
tively simple matter. For dynamic similarity, the ratios of all forces affecting 
the system must be the same in the model as in the prototype. The problem is 
to identify and determine all such forces. Kinematic similarity usually 
follows if geometric and dynamic similarities are present.7 

The first and most important step in planning a model study is the iden¬ 
tification of all measurable physical variables which, when properly com¬ 
bined, will completely describe the physical phenomena under study.1 Then 
the principles of dimensional analysis are applied to group these variables 
into a series of independent, dimensionless terms that are used as the basis 
for the design of the model. 

If true scaling of all the relevant factors is achieved, a good prediction of 
the performance of the prototype system can be obtained by merely mul¬ 
tiplying the model performance by an appropriate scale factor. Usually, 
however, there are elements that cannot be scaled. These result in significant 
nonsimilarities or distortions. Scaling soil properties is one of the major 
problems. 

An alternative to attempting to define and measure all soil properties so 
they could be scaled is to use the same soil for both the prototype and the 
model. The resulting distortion is then accounted for empirically by observ¬ 
ing the trend of results obtained with models of several sizes (having dif¬ 
ferent scale factors) and developing a prediction factor to compensate for the 
distortion.18 

5.21. Research with Simple Tillage Tools. In recent years considerable 
research effort has been devoted to testing simple-shaped tillage tools as a 
means of studying the fundamental principles of soil reactions to applied 
forces. These tools are usually flat plates that are moved through the soil 
either in a vertical position (90° lift angle) or inclined with the bottom edge 
forward (acute lift angles). Plates having widths of 25 to 100 mm [1 to 4 in.] 
are usually operated as tines, with the full-width portion extending above the 
ground surface. Wide plates (some up to 76 cm [30 in.]) are more likely to be 
submerged and operated at lift angles less than 45°, to study the action of a 
soil being lifted. Tests with simple tools are conducted in the field, in out¬ 
door soil bins, and in indoor bins of various sizes. 
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PROBLEMS 

5.1. The line of pull on an implement is 15° above the horizontal and is in a vertical plane 

which is at an angle of 10° with the direction of travel. 

(a) Calculate the draft and side-draft forces for a pull of 11 kN. 

(b) What drawbar power would be required at 5.5 km/h? 



6 
Moldboard Plows 

6.1. Introduction. The moldboard plow is one of the oldest of all 

agricultural implements and is generally considered to be the most impor¬ 

tant tillage implement. Plowing accounts for more traction energy than any 

other field operation. Although yield studies have indicated that under cer¬ 

tain conditions with some crops there is no apparent advantage in plowing, 

the moldboard plow is still by far the most-used implement for primary 
tillage in seedbed preparation. 

Through the years there has been a vast amount of development and 

research work pertaining to moldboard plows. Yet plow-bottom design (as 

with other tillage tools) is still largely dependent upon cut-and-try methods. 

Many excellent plow bottoms have been developed, but there are still impor¬ 

tant soil types and conditions for which present equipment is not suited, such 

as the heavy, waxy soils found in parts of Texas, Alabama, and Mississippi 
and sticky, “push-type” soils in Hawaii. 

6.2. Types of Moldboard Plows. Mounted plows for small and medium- 

size tractors have been popular ever since the advent of hydraulically con¬ 

trolled integral hitches. As tractor sizes were increased, sizes of mounted 

plows increased to some extent, but their size is limited because the rearward 

overhang of large plows causes tractor instability in the transport position. 

Semimounted large plows were developed to overcome the instability 
problem while retaining most of the advantages of mounted implements. 

This type of plow has become very popular since its introduction in the 

United States in about 1960. The value of semimounted one-way moldboard 

plows manufactured in the United States in 1966 was more than twice the 
combined value of mounted plus pull-type one-way plows.21 

Mounted plows usually have two to five 30-cm, 36-cm, or 41-cm [12-in, 

14-in, or 16-in.] bottoms. Semimounted and pull-type plows usually have 

four to eight 36-cm, 41-cm, or 46-cm [18-in.] bottoms. Semimounted plows 

are more compact and more maneuverable than pull-type plows, are less ex¬ 

pensive, and put more vertical load on the tractor rear wheels (thereby im¬ 
proving tractive ability). 

In the usual arrangement, a semimounted plow is supported at the front 

by the tractor, through a horizontal hinge axis on the hitch linkage that pre¬ 

vents rotation of the plow about its longitudinal axis (Fig. 6.1). When the 

tractor has lower-link draft sensing (Section 8.14), the horizontal hinge axis 
is merely a cross member between the two lower links. 

136 
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Fig. 6.1. A semimounted moldboard plow with automatic-steered rear furrow wheel. 

A — three-point hitch frame, B — horizontal hinge axis, C — vertical hinge axis for plow 

frame, D — steering arm that remains parallel with hitch crossbar, E — steering rod for 

rear wheel, F — selective lift cylinder for rear end of plow. (Courtesy of Massey-Ferguson, Inc.) 

The rear wheel of a semimounted plow is automatically steered, being 

linked to a stationary arm on the hitch assembly in such a way that the rear 

of the plow follows around the tractor tracks on a turn. This arrangement 

provides good maneuverability and good trailing around curves in contour 

plowing. A remote cylinder for the rear-wheel lift, plus the integral lift 

system for the tractor hitch, provides selective raising or lowering of the 

front and rear ends of the plow when lowering it into the ground or lifting it 

out. 
Semimounted plows often have rubber-tired gage wheels that run on the 

unplowed ground near the rear of the plow. Some also have a castered front 

gage wheel that runs in the previous furrow. Mounted plows usually have 

steel rear furrow wheels to absorb some of the side thrust from the bottoms. 

Gage wheels are sometimes used, especially for the larger mounted plows. 

6.3. Two-Way Plows. Most moldboard plows are designed to turn the 

furrow slices only to the right. Two-way plows, however, have two sets of op¬ 

posed bottoms that can be used selectively. With this arrangement, all the 

furrows can be turned toward the same side of the field by using the right- 

hand bottoms for one direction of travel and the left-hand bottoms on the 

return trip. The 2 sets of bottoms are mounted on a common frame that is 

rotated 180° about a longitudinal axis to change from one set to the other. In 

most cases, rotation is accomplished with a hydraulic cylinder that is part of 

the plow. The plow bottoms are rotated up 90° on the retracting stroke, pass 

over-center due to their inertia, and are let down on the other side on the ex¬ 

tending stroke. Gage wheels and rear furrow wheels are automatically 
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repositioned as the plow-bottom frame rolls over, unless each set of bottoms 

has its own wheel (which is usually the case with mounted plows). 

Mounted 2-way plows usually have two to four 36-cm or 41-cm [14-in. or 

16-in.] bottoms per set. Semimounted or pull-type units seldom have more 

than 5 bottoms, but they are usually 41-cm or 46-cm [16 in. or 18-in.]. 

Because 2 sets of bottoms are needed, 2-way plows are more expensive than 

comparable one-way plows and are, of course, much heavier. 

One-way plows require laying out a field in lands, starting with back 

furrows (two furrow slices thrown back-to-back) and ending with dead 

furrows (two open furrows together). A two-way plow eliminates the back 

furows and dead furrows, leaving the field more nearly level for irrigation or 

drainage. Two-way plows are also advantageous for terraced fields or con¬ 
tour plowing and for small fields of irregular shape. 

6.4. The Plow Bottom. Essentially, a moldboard plow bottom is a three- 

sided wedge with the landside and the horizontal plane of the share’s cutting 

edge acting as flat sides and the top of the share and the moldboard together 

acting as a curved side. The primary functions of the plow bottom are to cut 

the furrow slice, shatter the soil, and the invert the furrow slice to cover 

trash. The size of a moldboard plow bottom is the width of furrow it is 
designed to cut. 

For many years, most plows had shares of the type shown in Fig. 6.2a. 
This type of share has a vertical portion, known as the gunnel, that acts as a 

forward extension of the landside. Gunnel-type shares are removed and shar- 

Fig. 6.2. Typical moldboard plow bottoms, fa) With gunnel-type share, showing method of 

measuring suction when no rear furrow wheel or depth-control devices are used (b) With 

throw-away share, indicating clearances when a rear furrow wheel is used 
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pened by forging when they become worn or dull. Practically all plows now 

manufactured have throw-away shares of the general type shown in Fig. 

6.2b. These shares are available with various point shapes. The most com¬ 

mon shape of throw-away share is made by merely shearing specially rolled 

strip stock to the proper length and shape and pressing attachment bolts into 

countersunk holes. Narrow-cut shares cover somewhat less than the full 

width of the furrow slice. Over-cut shares extend 2 to 5 cm into the previous 

furrow to prevent tough roots from sliding around the end. 

Because the new cost of throw-away shares is perhaps one-third that of 

gunnel-type shares, they can economically be replaced when dull or worn, 

rather than being resharpened. Moldboard shins are also replaceable on 

many plows, since this is another cutting edge and is subject to considerable 

wear. 
As with any cutting tool, the moldboard plow bottom requires clearance 

behind the cutting edges. The vertical clearance is known as down suction 

and the lateral clearance as side suction (Fig. 6.2). When there is insufficient 

suction, it is difficult to maintain the desired depth or width of cut. 

Clearance values may range from 5 mm to 13 mm [3/)6 to Vi in.], depending 

on the design of the plow bottom and whether or not a rear furrow wheel or a 

gage wheel is employed. 
6.5. Materials for Moldboards and Shares. Wear resistance in abrasive 

soils and scouring in sticky soils such as clays and clay loams are two impor¬ 

tant problems that influence the choice of materials for plow bottoms. 
Moldboards are usually made from soft-center steel. This is a 3-ply steel, the 

outer layers being high-carbon steel (usually C-1095, which has 0.90 to 

1.05% carbon) and the center layer being low-carbon steel (such as C-1010, 

which has 0.08 to 0.13% carbon). After heat treatment, the outer layers are 

somewhat brittle but extremely hard, giving a smooth surface that wears 

well and scours well in most soils. The center layer, because of its low carbon 

content, does not respond to the heat treatment. It remains soft and tough, 

thus providing shock resistance. Similar characteristics can be obtained by 

carburizing a low-carbon steel on both sides. 

Shares are generally made from C-1095 solid steel and hardened by heat 

treating to provide wear resistance. For extremely abrasive conditions, as in 

sandy soils, shares and replaceable shins are sometimes made from chilled 

cast iron (described in Section 3.3). These provide greater wear resistance 

than steel, but are brittle and therefore subject to breakage if obstructions 

are encountered. 
6.6. Attachments for Moldboard Plows. Rolling coulters are employed to 

help cut the furrow slice and to cut through trash that might otherwise 

collect on the shin or beam and cause clogging. Four types of coulters are il¬ 

lustrated in Fig. 6.3. Plain coulters are used in sod or relatively clean fields. 
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(o-> (b) (c) (d) 

Fig. 6.3. (a) Plain coulter with spring-cushion mounting to permit coulter to ride over obstruc¬ 

tions; (b) ripple-edge coulter; (c) notched coulter with jointer attachment; (d) front view of con¬ 

cave coulter or disk jointer. (Courtesy of J. I. Case Co.) 

Notched coulters and ripple-edge coulters work well in heavy trash. A 

coulter is usually mounted with its axis directly above or a little ahead of the 

share point and with the disk blade in a plane 13 to 19 mm [Vi to % in.] to 

the left of the shin (with a right-hand bottom). A large-diameter coulter goes 

through heavy trash better than a smaller one but does not penetrate hard 
ground as readily. 

A stationary jointer is a miniature plow bottom that is usually used in 

conjunction with a rolling coulter (Fig. 6.3c) and cuts a narrow, shallow 

furrow ahead of the shin. Its function is to move the trash and roots from 

this strip toward the main furrow in such a manner as to ensure complete 

coverage by the plow bottom. Disk jointers, which are concave disks set at 

an angle to the direction of travel (Fig. 6.3d) are sometimes used in place of 

the coulter-stationary-jointer combination. Moldboard extensions, weed 

hooks to fold tall plant growth over just in front of the plow bottom, and 

various other devices are sometimes employed to improve trash coverage. 

Fig. 6.4. Two types of overload protection for plow-bottom standards. Left: Spring-trip stan¬ 

dard. Right: Hydraulic, automatic reset standard. (Right, Courtesy of Deere & Co.) 



MOLDBOARD PLOWS 141 

6.7. Beam Overload Protection. The wide acceptance of mounted and 

semimounted plows brought about the need for individual overload protec¬ 

tion devices for plow standards (beams). The trend toward increased 

forward speeds further accentuates this need. Figure 6.4 shows two general 

types of devices that have been developed to provide protection in fields 

where obstructions are likely to be encountered. 

When the load against the share exceeds the preset value of a spring-trip 

device, the trip releases and permits the plow bottom to swing rearward 

about a horizontal, transverse axis. In most spring-trip arrangements the 

pivot point is well behind the share point (Fig. 6.4 left), causing the point to 
move downward in relation to the pivot point. Unless the obstruction will 

permit the share point to actually move downward, the entire implement is 

raised by the tripped bottom, which results in considerable extra force on the 

plow point and the frame, especially at high speeds. 
Because of eccentric loads imposed upon the hinge and beam when an 

obstruction is encountered, careful design is necessary to ensure that friction 

will not represent a large portion of the release resistance. Some spring-trip 

units are designed to provide a cushioning effect before the trip releases, so 

that not all overloads will cause tripping. Whenever a spring trip releases, 

the operator must stop and either back up or raise the plow out of the ground 

so the plow bottom will return to its normal position. 

Hydraulic-reset overload devices (Fig. 6.4 right) provide cushioning and 

automatic resetting by means of hydraulic cylinders connected to a constant- 

pressure source. If the tractor has a constant-pressure hydraulic system, the 

overload cylinders can be connected to this source through a pressure reduc¬ 

ing valve. Otherwise, an accumulator partially Filled with an inert gas is 

provided on the plow and is charged up to the pressure needed for the desired 

maximum overload condition. Hydraulic reset systems have the standards 

pivoted directly above the share point so the point does not go deeper or 

raise the rest of the plow when an overload occurs. 
6.8. Types of Moldboards. Because soil types and plowing conditions vary 

widely, many different shapes of moldboards have been developed. Some 

moldboards are essentially cylindrical sections, some tend toward a spiral or 

helical shape, and others are modifications of these geometric shapes. From 

the functional standpoint, common types include general-purpose bottoms, 

stubble bottoms, deep-tillage bottoms, sod bottoms, blackland bottoms, and 

slat moldboards. 
A sod bottom has a long, low moldboard with a gradual twist (spiral) that 

completely inverts the furrow slice with a minimum of breakup, thus cover¬ 

ing vegetative matter thoroughly. A stubble bottom has a relatively short 
and broad moldboard that is curved rather abruptly near the top, resulting in 

a greater degree of pulverization than with other types. The general-purpose 

bottom lies in between these two extremes and is suitable for a wide range of 
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conditions. Special shapes of general-purpose bottoms have been developed 

for plowing efficiently at relatively high speeds. The blackland bottom has a 

relatively small moldboard area, and its shape tends to promote scouring in 

soils such as the heavy blacklands of Texas. A less common type is the slat 

moldboard, which has portions of the moldboard cut out and is sometimes 
used in extremely sticky soils. 

6.9. Expressing Moldboard Shapes. Some means of identifying a 

moldboard shape is needed in comparing and analyzing the performance of 

different plow bottoms and for manufacturing purposes. Several methods of 

expressing the shape mathematically or identifying it by empirical methods 

have been devised.9 White29 reported in 1918 that many plow bottoms had 

surfaces that could be fitted by equations representing hyperbolic 

paraboloids. Although he was unable to quantitatively relate these equations 

to either the forces or the resultant soil condition, he did demonstrate that 
existing plow-bottom shapes can be represented mathematically. 

Nichols and Kummer,14 in a study involving 22 typical plows of various 

shapes, found that the entire surfaces of all plows studied could be covered 

by arcs of circles moved along and rotated about the line of travel of the 

share wing tip or about a line directly above the wing tip. They describe a 

method of reducing their measurements to a mathematical equation that 

would express the entire surface of a particular plow but concluded that the 

complexity of such a relation would make it of little value. 
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Fig. 6.5. Plan views of two 36-cm [14-in.] general-purpose plow bottoms, showing contours for 

25.4-mm [1-in.] vertical intervals, (a) Conventional moldboard with warped surface. (b) 

Moldboard with cylindrical surface and share. (I.F. Reed.20) 

Reed20 identified plow-bottom shapes by measuring coordinates for 

horizontal contours at 25.4-mm [1-in.] vertical intervals and plotting the 

results on a plan view of the bottom as illustrated in Fig. 6.5. Soehne23 em¬ 

ployed a light-interception method to obtain horizontal contours and also 

contour lines in vertical planes parallel to the landside. He projected a 

narrow strip of light onto the white-painted plow surface and recorded the 
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reflected light trace by means of a camera located on a line at right angles to 

the plane of the light beam. The plow bottom was moved to obtain a family 

of horizontal contour lines and a family of vertical contours, as illustrated in 

Fig. 6.12. Representation of plow-bottom shapes by contour lines is a com¬ 

mon practice. 

Ashby,1 in 1931, proposed a set of nine standard measurements or 

parameters of plow-bottom shape. Soehne,23 in 1959, defined a number of 

shape parameters that he considered important. Both investigators at¬ 

tempted to relate their parameters to performance. Neither system provides 

a complete description of the surface shape. Soehne’s shape parameters are 

discussed in Section 6.24. 

6.10. Reactions ol Soils to Moldboards. The wide range of soil conditions 

encountered in tillage materially affects the reactions of the soil on 

moldboard surfaces. Nichols and Reed15 classify the various soil conditions 

and describe the reactions as follows: 

1. Hard cemented soils. These soils break into large irregular blocks 

ahead of the plow, with no definite pattern to the soil reactions. 

2. Heavy sod. Because of the surface reinforcement from the mass of 

roots, normal shear planes are not generally observed. However, nor¬ 

mal soil reactions occur below the sod. 
3. Packed or cemented surface. This is a rather unusual situation, with 

relatively loose soil immediately beneath the packed surface. Blocks of 

the surface layer are broken loose irregularly and lifted like boards. 

4. Freshly plowed soil. In this condition, the soil has insufficient rigidity 

and resistance to compression for the plow to function properly. 

5. Push soils. These soils, when settled, act somewhat like freshly plowed 

soil. Adhesion of the soil to the moldboard builds up a pressure ahead 

of the plow bottom, which, because of insufficient rigidity in the furrow 

slice, causes the soil to be pushed to one side rather than being elevated 

and turned. 
6. Normal soil condition. The soil has settled and reached a firm condi¬ 

tion, primarily as a result of natural agencies, and is within its proper 

moisture range for good plowing. 

Under normal soil conditions the movement of soil on the moldboard is 

due to the resistance of the soil ahead of the plow, and the average speed of 

movement of the soil across the moldboard would be expected to approx¬ 

imate that of the plow. Except for an increase in volume as a result of 

pulverization, there is no evidence of any appreciable dimensional change of 

the furrow slice in passing over a properly functioning plow.7 There are, of 

course, changes in direction which result in substantial acceleration forces. 

6.11. Pulverizing Action. As a plow moves forward, its double wedging 

action exerts pressure both upward and toward the open furrow. Nichols and 
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Reed15 found that the stresses set up by this action cause blocks of soil to be 

sheared loose at regular intervals on parallel, inclined shear planes. These 

primary shear planes extend forward from the plow point at an angle of 

about 45° in both the horizontal and vertical planes, retaining their relative 

positions as they move across the moldboard surface (Fig. 6.6). The soil 

Fig. 6.6. Diagram indicating the development 

of primary shear planes, as observed in the 

plane of the landside and shin through a glass 

surface. (M. L. Nichols and I. F. Reed.15) 

blocks formed by the primary shearing action break down as they move up 

the moldboard, forming secondary shear planes at right angles to the 

primary shear planes. Further pulverization is caused by the sliding of these 
soil blocks over each other. 

Nichols and Kurnmer'4 show that pulverization is promoted if the 

moldboard curvature is such as to produce simultaneous movement on all 

primary shear planes (Fig. 6.6) as the plow moves forward. They 

demonstrate that theoretically this involves uniformly accelerated motion of 

the soil in the direction of the shear planes and is accomplished by a surface 

whose vertical profiles in planes parallel to the landside have the 
mathematical form 

z = aehx (6.1) 

where z and x are the vertical and longitudinal coordinates, a and b are cons¬ 
tants, and e is the base of natural logarithms. 

Equation 6.1 indicates an increasing rate of curvature from front to rear 

of the moldboard. Measurements on a number of typical, successful plows 

showed that vertical profiles in the central or pulverization areas of all 

moldboards studied could actually be fitted by equations of this type.14 The 

lower, or front, portion was steeper than indicated by the equation, in order 

to obtain strength and suction. Because of inversion requirements, the upper 
portion was also steeper than the equation would indicate. 

6.12. Turning and Inversion. Since the cutting edge of the share is nor¬ 
mally at an angle of about 40 to 45° from the direction of travel, elevation of 

the shin side of the furrow slice begins before elevation of the wing side. 

Thus, turning and inversion start immediately. Most of the turning, 

however, is accomplished by the upper part of the moldboard.14 The final ac¬ 

tion is to push or throw the soil from the upper moldboard into the preceding 

furrow, the amount of throw depending largely upon the forward speed and 

the direction of release of the soil. The inversion of the soil and the accom- 
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Original furrow slice, 18 x 46cm (7 x 18 in.) 

Fig. 6.7. Movement of soil during plowing, as determined by placing small blocks in the un¬ 

plowed furrow slice and noting their final positions in the turned soil. (M. L. Nichols and I. F. 

Reed.15) 

panying forward movement during plowing are indicated in Fig. 6.7 for 

typical conditions, as determined by Ashby and reported by Nichols and 

Reed.15 
Nichols and Kummer14 found that in a group of typical plows the turning 

and inversion of the furrow slice on the upper portion of the moldboard was 

accomplished by uniform-pressure curves similar in principle to the spiral 

easement or transition curves employed in highway and railroad engineer¬ 

ing. The shape is such that soil moving around the curvature has a constant 

rate of acceleration due to turning. 
6.13. Scouring. One of the most important aspects of the sliding action of 

soil is scouring of a tool. Scouring means the movement of soil across a tool 

surface without sticking, and fast enough to avoid soil buildups. Payne and 

Fountaine18 studied the mechanics of scouring along simple surfaces and 

concluded that the ability to scour is affected by the coefficient of soil-metal 
friction, the coefficient of soil-soil friction, the angle of approach of the tool, 

soil cohesion, and soil adhesion. 
Scouring will occur as long as the frictional resistance at the soil-tool in¬ 

terface is less than the resistance at a parallel soil-soil interface. When scour¬ 

ing is adequate, soil flows over the tool along a path that is determined by 
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the shape of the tool. In nonscouring situations, soil flows over a layer of soil 

attached to the tool surface, usually resulting in increased draft and poor 
performance. 

In practice, the soil-metal friction angle is usually less than the angle of 

soil shearing resistance. Therefore, an increase in pressure against the 

moldboard will increase soil shearing resistance more than the soil-metal 

frictional resistance and so will improve scouring.26 Nonscouring is likely to 

occur at low spots or other surface irregularities, in areas of abrupt change 

in surface direction, and in other low-pressure areas. An increasing rate of 

curvature from front to rear along the soil path tends to equalize soil-metal 

contact forces and thus improve scouring by avoiding low-pressure areas.7 

As explained in Section 5.7, adhesive forces due to moisture films have a 

marked influence on friction. Adhesion may be reduced by employing a 

material that resists wetting. Bacon3 reported in 1918 that moldboards 

coated with plaster of Paris or covered with hoghides scoured better in sticky 

Texas soils than did steel, iron, glass, brass, or aluminum. He also cites in¬ 

stances in which heat apparently improved scouring by reducing adhesion. 

Kummer11 found that wood slats impregnated with paraffin or linseed oil 

scoured better than steel slats on a slat moldboard in clay soils, presumably 

because of less adhesion. A slat moldboard scours better than a solid 

moldboard because the smaller contact area results in reduced adhesive 
forces and increased soil pressure. 

Teflon (polytetrafluoroethylene) is a nonwetting plastic that is being used 

in Hawaii to make moldboard plows scour in push-type nonabrasive soils. 

Sheets of the material are merely bolted onto the moldboard and are 

replaced when worn out.28 In USDA tests at the National Tillage Machinery 

Laboratory,6 a Teflon-covered plow bottom scoured well in a heavy, push- 

type clay soil where a steel plow would not scour, and the draft at 5.6 km/h 

[3'/2 mph] was 23% less with the Teflon-covered bottom. A layer of this soil 

would stick to the steel surface, causing soil to move over soil and resulting 

in poor inversion. Both bottoms scoured satisfactorily in a clay soil that had 

high adhesion but good cohesive strength. The draft at 5.6 km/h in this soil 

was 12% less with the Teflon-covered plow bottom than with the steel plow. 

Excessive wear has been the principal factor restricting the use of low- 

friction plastic coverings on tillage tools. The life of the Teflon coverings in 

the nonabrasive Hawaii soils apparently is acceptable, but the USDA tests6 

indicated a life of only 20 ha [50 acres] per 36-cm [14-in.] bottom for 5-mm- 

thick [0.2-in.-thick] Teflon sheets in a fairly abrasive clay soil. High-density 

polyethylene had a much higher wear rate than Teflon but is considerably 
less expensive. 

Another approach to reducing soil-metal friction and improving scouring 

is by applying air to the soil-engaging surface to provide an air cushion or 

boundary layer which separates the two surfaces that are moving relative to 
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each other.9,30 Air from a compressor driven by the tractor is delivered to a 

plenum chamber on the back side of the moldboard and passes through a 

network of small holes to the front of the moldboard. The effectiveness of 

this scheme is influenced by the permeability of the soil to airflow, since flow 

resistance is required to build up air pressure between the soil and the 

moldboard. Laboratory tests have indicated that use of the air-lubrication 

principle can substantially reduce the draft of tillage tools in some soils and 

does improve scouring, but that as much as five air kilowatts may be re¬ 

quired to save one draft kilowatt.30 

Employing a moving surface to transport the soil is another means of 

reducing friction. Rummer’s studies" included tests in which the solid 

moldboard was replaced by endless belts and by a series of wooden rollers. 

In 1950, Skromme22 reported the development of a belt-type moldboard to 

obtain scouring in the push-type soils in Hawaii. This plow would cut a 
furrow 81 cm [32 in.] wide and 33 cm [13 in.] deep and was operated at 4 

km/h [2Vi mph]. Plows with rollers or belts replacing most of the moldboard 

have also been developed in Europe. The moving parts in arrangements such 

as these are costly and introduce problems in design and maintenance. 

6.14. Forces Acting Upon a Plow Bottom. The useful soil forces acting 

upon a moldboard plow bottom are those resulting from the operations of 

cutting, pulverizing, lifting, and inverting the furrow slice. These soil forces 

practically always introduce a rotational effect on the plow bottom. 

Parasitic forces include those that act upon the side and bottom of the 

landside (including friction), as well as the rolling resistance of support 

wheels. 
In the following discussion, the force R and its components L, S, V, Rh, 

and Rv refer to the resultant of all useful soil forces. The term Q indicates a 

parasitic force, whereas P, Pv, Ph, and Px (draft) include the effects of both 

useful and parasitic forces and the force of gravity on the implement. These 

terms are defined in more detail in Sections 5.7 and 5.8. 

In discussing force relations for an unsymmetrical tillage tool such as a 

plow, it is convenient to give separate consideration to horizontal compo¬ 

nents and to the components in a vertical plane or planes parallel to the 

direction of travel, referring to these as horizontal force relations and ver¬ 

tical force relations. In each case the force components are all projected into 

one plane. Couples are treated separately. 
6.15. Horizontal Force Relations. Figure 6.8a shows a typical location of 

Rh for general-purpose plows with shares in good condition, based on many 

field tests conducted by Clyde over a wide range of soil conditions.5 S is 

shown as 24% of L in this situation. S/L ratios from results reported by 

other researchers (landside removed, coulter forces not included, coulter 

usually on) were mostly as follows: sand,19 0.35 to 0.45; sandy loams,8> l6, 19 

0.25 to 0.40; clay loams, 6,13 0.20 to 0.30. 
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Fig. 6.8. Typical location of Rh and its relation to the landside force and the pull, (a) Straight 

pull, (b) angled pull, (c) long landside. (A. W. Clyde.5) 

Fig. 6.9. Effect of speed upon L, S, and V 
forces for a 36-cm [14-in.] general-purpose 

plow bottom tested in soil bins with and 

without the landside. Forces with the landside 

on should be identified as —Px and —Pz, rather 

than L and V, since they include parasitic 

forces. Side forces were not measured when 

the landside was on. A coulter was used but its 

forces are not included. (J.W. Randolph and 

I.F. Reed.19) 
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Soil-bin tests conducted at the National Tillage Machinery Laboratory19 

indicated that all three of the soil-force components increase with speed (Fig. 

6.9). Field tests in a silty clay and a silty clay loam at speeds from 3.2 to 11 

km/h [2 to 7 mph] (without landsides)13 showed rates of increase similar to 

those for the Fine sandy loam in Fig. 6.9 (but with considerably higher 

specific drafts because the soils were heavier). In both groups of tests, S/L 
ratios for a particular bottom changed very little with speed. 

Referring again to Fig. 6.8, if the horizontal component of pull were equal 

and opposite to Rh, there would be no side force on the landside and the 

draft force would be equal to — L. When the horizontal pulling force is in the 

direction of travel (Px in Fig. 6.8a), a parasitic side force is automatically in¬ 

troduced on the landside to counteract 5". Qh is the resultant of this side force 

and the accompanying friction force on the landside. Assuming a value 

of 0.3 for the coefficient of friction in the friction phase, the draft Px is, in 

this example, greater than L by 0.35”. A pull angled to the left, as in Fig. 

6.86, increases the landside force and would increase Px still more. Observed 

increases in Px due to the addition of a landside are indicated by differences 

between curves in the upper graph of Fig. 6.9. The differences shown for the 

sand seem excessive in relation to the magnitude of the side forces. 

Point H, the intersection of R/, and Qh in Fig. 6.8, represents the horizon¬ 
tal location of the center of resistance of the plow bottom. Increasing the 

landside length (Fig. 6.8c) moves Qh to the rear, thus relocating H farther 

back. H is also closer to the landside because the line of Rh does not change. 

Taking most of the side force on a rear furrow wheel has a similar effect. 

Soil conditions and other factors also cause Rh (and H) to vary somewhat 

from the position shown.5 

6.16. Vertical Force Relations. A moldboard plow bottom by itself 

generally has a downward-acting vertical component of the useful soil force 

(suction). The magnitude of V in relation to L varies widely, being influen¬ 

ced by soil type, soil condition, depth of cut, share edgeshape and sharpness, 

and other factors. The tests mentioned in the second paragraph of Section 

6.15 indicated that V increases with speed (Fig. 6.9), but with a tendency in 

some soils for a slight reduction of V/L ratios as speed is increased. V/L 
ratios from the soil-bin tests represented by Fig. 6.9 ranged from 0.5 to 0.6 

for the sand and from 0.35 to 0.45 for the fine sandy loam. Results reported 

for field tests in various soil types and conditions, presumably with shares in 

reasonably good condition,5i 8i 13,27 give V/L ratios ranging from 0.1 to 0.3. 

Penetrating ability, as reflected by the magnitude of the downward V, is 

an important characteristic of a tillage tool. With mounted or semimounted 

implements, V contributes directly to the vertical load on the tractor rear 

wheels and also increases the load transfer from the front wheels to the rear 

wheels, thereby providing additional tractive ability. (See Section 8.16.) 

Shares with downward-pitched points extending forward beyond the line 
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Fig. 6.10. New and worn share edgeshapes. 

(a) New, top-beveled; (6) new, bottom¬ 

ed beveled; (c) worn share. 

of the share edge have greater suction (downward V) than straight shares, 

particularly at shallow or moderate depths, because the point is wedging 

farther ahead into undisturbed soil.13 Tests have shown that throw-away 

shares beveled on top (Fig. 6.10(3) have substantially less downward V than 
shares beveled on the bottom.13,16 

The cutting edges of plow shares and most other tillage tools wear to a 

profile like that shown in Fig. 6.10c, with the leading portion of the bottom 

slightly higher than the rear portion. This sled-runner effect reduces V for 

the plow bottom and also increases soil compaction by pushing down on the 

furrow bottom. Share wear can reduce V for the plow bottom to zero and 

even make it act upward. Differences of 440 to 890 N [100 to 200 lbf] be¬ 

tween worn and new shares on 36-cm [14-in.] bottoms have been observed.5' 

13,16 Lack of penetrating ability often determines when shares must be 
discarded. 

Rolling coulters must always be forced into the ground, which means that 

their V is always upward (Fig. 6.1 la). The Vcomponent for the plow-coulter 

combination may be either up or down, as indicated in Fig. 6.116, depending 

primarily upon the resistance of the soil to coulter penetration. When plow¬ 

ing with 28-cm [11-in.] bottoms in a 3-year-old pasture on moist sandy loam 

soil, Tanner and Dean27 found that the upward V on the coulter was about 

twice as great as the downward V on the plow bottom, resulting in net up¬ 
ward forces of 220 to 440 N [50 to 100 lbf]. 

Sod requires more coulter penetrating force than does bare soil. A large- 

diameter coulter requires more force to penetrate to a given depth than does 

a smaller coulter. As a soil becomes drier, the upward force on the coulter 

usually increases and the downward V for the plow bottom alone would be 

expected to decrease. Coulters are sometimes removed to improve penetra¬ 

tion under difficult conditions, and are not always used even under good 
conditions. 
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Fig. 6.11. (a) Typical division of Rv (resultant of L and V) between plow bottom and coulter in 

spring plowing of moist sod (moderately hard ground). (b) Typical values and locations of R 

from tests over a wide range of soil conditions, with a 36-cm [14-in.] plow cutting 18 cm [7 in.] 

deep at about 4.8 km/h [3mph]. (A.W. Clyde.5) 

6.17. Couples. A right-hand plow bottom by itself is generally subjected 

to a counterclockwise couple as viewed from the rear. The highest value 

reported by Clyde5 is about 225 N-m [2000 lbf-in.]. A rolling coulter 

decreases this couple, and in hard ground changes it to clockwise (up to 125 

N-m [1100 lbf-in.] has been observed). In a complete plow this rotational ef¬ 

fect is counteracted primarily by parasitic support forces on the wheels of 

the plow or tractor or on the bottom surfaces of the plow. 

6.18 Draft of Plows. The specific draft of plows varies widely under 

different conditions, being affected by such factors as the soil type and con¬ 

dition, plowing speed, plow-bottom shape, friction characteristics of the soil- 

engaging surfaces, share sharpness and shape, depth of plowing, width of 

furrow slice, type of attachments, and adjustment of the plow and attach¬ 

ments. A great deal of work has been done in evaluating the various factors 

and investigating possible means for reducing draft. O’Callaghan and 

McCoy17 have developed a mathematical method for predicting draft, based 

on experimentally determined equations for soil flow paths. Their method is 

described briefly in Section 6.23. 

Soil type and condition are by far the most important factors contributing 

to variations in specific draft. Values of specific draft range from 1.4 to 2 

N/cm2 [2 to 3 lbf/in.2] for sandy soils, up to 10 to 14 N/cm2 [15 to 20 

lbf/in.2] for heavy gumbo soils. Sandy or silt loams may have specific drafts 

from 2 to 5 N/cm2 [3 to 7 lbf/in.2], whereas 4 to 8 N/cm2 [6 to 12 lbf/in.2] 

would be typical for clay loams and heavy clay soils. 
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Soil moisture content is an important factor in regard to both draft and 

quality of work. A dry soil requires excessive power and also accelerates 

wear of the cutting edges. In USDA soil bin tests, an increase of moisture 

content from 9.1 to 11.7% reduced the specific draft in a fine sandy loam by 

15 to 35%.19 

Other pertinent soil factors include the degree of compaction, the previous 

tillage treatment, and the type or absence of cover crop. For example, the 

USDA tests19 showed a 15 to 35% increase in draft when the apparent 

specific gravity of a fine sandy loam was changed from 1.68 to 1.83. 

6.19. Effect of Depth and Width of Cut. Most available evidence indicates 

that the specific draft of a plow generally decreases as the depth is increased 

to some optimum depth/width ratio and then increases as the depth is in¬ 

creased further. The initial decrease of specific draft with increased depth is 

logical because the total force for cutting the bottom of the furrow slice 

should be independent of depth. The increase in specific draft beyond the op¬ 

timum depth is probably due in part to choking of the thick furrow slice in 

the curvature of the moldboard.19 Deep-tillage plow bottoms have higher 

moldboards than standard bottoms. Randolph and Reed observed that the 

minimum specific draft for a number of 36-cm [14-in.] bottoms was at 
depths of 13 to 18 cm [5 to 7 in.].19 

Results from a limited number of soil-bin tests in a sand indicate that, for 
this one soil condition, varying the width of cut with a 30-cm [12- 

in.] bottom and a 41-cm [16-in.] bottom (landsides removed) had little ef¬ 

fect on the specific draft for the bottom alone.14 But landside friction, draft 

due to a coulter, and rolling resistance of the plow wheels, which were not in¬ 

cluded, would change very little and hence would cause the implement 

specific draft to increase as the width of cut is reduced. Getzlaff,8 in field 

tests with 26-cm plows, found that the specific draft increased as the width of 
cut was reduced below 26 cm. 

6.20. Effect of Plow-Bottom Shape and Design. The shape of the 

moldboard has a definite influence on draft, although the relative effects are 

influenced by soil type and conditions, speed, and perhaps other factors. 

Soehne24 conducted a detailed study of the effects of shape, speed, and soil 

type on draft and performance. His results show that the order of ranking 

within a group of plow bottoms, in terms of specific draft, may be quite dif¬ 

ferent at two different speeds or in different soils. Reed20 also found distinct 

differences in specific draft for different types of plow bottoms and even 

among various bottoms within the general-purpose classification. In general, 

shapes that give the best trash coverage or the greatest degree of pulveriza¬ 

tion tend to have the highest drafts, although the converse is not necessarily 
true. 

Share edgeshape can significantly affect draft. Three different shapes 

tested on a 36-cm [14-in.] plow bottom in a clay soil at the National Tillage 
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Machinery Laboratory had drafts of 1.18, 1.29, and 1.41 kN [266, 290, and 

317 lbf] when new.16 Morling13 compared 6 types of commercially available 

throw-away shares, using a 36-cm [14-in.] plow bottom in 3 soil types. 

Deep-suck shares (having points extended forward somewhat similar to the 

shape of a gunnel-type share), shares with the points upset to make them 

thicker, and shares with top bevel (Fig. 6.1 la) had 10 to 20% more draft than 

the reference, modified-curve share. Flat shares had 3 to 10% more draft 

than the modified-curve share. Some of the shares with higher draft have 

offsetting, desirable characteristics such as good penetration or good 

durability in rocky soils. 

Worn shares may have substantially greater draft than new shares9,16 but 

sometimes have about the same or slightly less draft.13,16 Share wear occurs 

rapidly in many types of soil, particularly when the moisture content is low. 

Draft increases of 15% or more after only a few hours of field operation have 

been reported.9 

Changes in design or materials to reduce soil-metal friction offer con¬ 

siderable potential for reducing draft. According to Wismer and his 

associates,30 friction on moldboard-plow surfaces may represent as much as 

30% of the total draft. Several ideas for reducing friction are discussed in 

Section 6.13, in relation to scouring. These include covering the soil- 
engaging surfaces with Teflon, providing an air film between the soil and the 

metal for air lubrication, and employing moving surfaces to transport the 

soil. As indicated in Section 6.13, covering a plow bottom with Teflon 

reduced the draft by 23% in a soil where steel would not scour and by 12% in 
a soil where both scoured. 

6.21. Effects of Attachments and Rear Furrow Wheel. Results from 

several sources,5,17,27 indicate that the draft of a rolling coulter may be 10 to 

17% of the total for the plow-coulter combination. There is little or no infor¬ 

mation available to show the relative draft of a plow-coulter combination as 

compared with a plow without a coulter. It is likely that any difference 

would be rather small under usual conditions. 

A 43-cm [17-in.] disk jointer with the face set at an angle of 10 to 12° from 

the direction of travel was compared with a coulter-stationary-jointer 

combination on the same plow, in 3 soil types at the National Tillage 

Machinery Laboratory.9 At 4.8 km/h [3 mph] the total draft of the plow 

plus the disk jointer was about 10% less than the draft with the coulter- 

jointer combination on the plow. The difference was about 15% at 7.2 km/h 

[4.5 mph]. Other tests with 41-cm and 46-cm [16-in. and 18-in.] bottoms in 

sandy loam and clay loam have shown that removing the stationary jointer 

from the coulter-jointer combination reduced the plow draft by about 7%.2 

Comparative tests in loam soils2,5 indicate perhaps 5 to 7% reduction in 

draft by taking most of the side thrust on the rear furrow wheel rather than 

all on the landside. The soil-bin results shown in Fig. 6.9 indicate a draft 
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reduction of 30 to 40% in a sand and about 20% in a fine sandy loam when 
the landside was removed and all the side force was absorbed by the test car. 
The percentage reductions would be less if the draft of a coulter were in¬ 
cluded. 

6.22. Effect of Speed Upon Draft and Performance. McKibben and 
Reed12 consolidated the many speed-versus-draft test results reported be¬ 
tween 1919 and 1949. They plotted the percent increase in draft as a function 
of speed, taking the draft at 4.83 km/h [3 mph] as 100% in each case. These 
data include several hundred runs with moldboard plows, mostly at speeds 
from 1.6 to 13 km/h [1 to 8 mph]. A few runs are shown for disk plows and 
a few for a subsoiler. The data for moldboard plows can be represented rea¬ 
sonably well by the relation 

Ds/Dr = 0.83 + 0.00730 S2 (6.2) 

[DJDr = 0.83 + 0.0189 S2] 

where Dr = draft at reference speed, 4.83 km/h [3 mph] 
Ds = draft at speed S, in same units as Dr 
S = speed, in kilometres per hour [miles per hour] 

The form of equation 6.2 differs slightly from the form of equation 5.3 (Sec¬ 
tion 5.19), in that K from equation 5.3 becomes a function of Dr (or a func¬ 
tion of D0 in equation 5.3, since D0 = 0.83 Dr in this case). 

Equation 6.2 represents average conditions for average moldboard shapes 
commonly used prior to 1949. It cannot be applied to any specific situation, 
but is of general interest. It indicates that the average increase in draft be¬ 
tween 3.2 and 6.4 km/h [2 and 4 mph] was only 25%, whereas the increase 
between 4.8 and 9.6 km/h [3 and 6 mph] was 50%. Different moldboard 
shapes and different soil conditions have different rates of draft increase 
with speed, and hence different constants in equation 6.2 or equation 5.3. 
Soehne’s results24 with a large number of commercially available plow bot¬ 
toms included some that could be fitted quite closely by equation 6.2 and 
other shapes that had substantially less increase of specific draft \Vith speed. 

Although soil breakup may increase as speed is increased, this is not 
necessarily the case. Soehne compared 4 general types of plow bottoms in 2 
soils at 4.35 km/h and 12.2 km/h [2.7 mph and 7.6 mph]. In one soil there 
was very little difference in clod size distribution from the two speeds, and in 
the other soil the differences were not of any great consequence. Different 
designs are needed for high speeds to produce the desired performance 
without excessive draft. 

6.23. Graphical Analysis in Plow-Bottom Design. Since procedures have 
not been developed for designing moldboard shapes by means of theoretical 
analysis and mathematical relations, new plow-bottom designs usually are 
based on modifications or deviations from existing bottoms that are known 
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to perform satisfactorily. Graphical analysis of soil flow paths across a 
moldboard is a useful tool for comparing existing and proposed bottoms and 
predicting some of the effects of shape changes. Flow paths may be deter¬ 
mined from scratch marks made when the plow bottom is moved through 
the soil for a relatively short distance at a constant speed after spraying the 
surface with a suitable lacquer.23 Flow paths are not necessarily the same for 
different forward speeds. 

Three-dimensional coordinates of points along each of several flow paths 
are measured and an empirical equation developed for each flow path. 
Velocities and accelerations are then determined from the first and second 
derivatives of these equations. Digital computers have been employed to fit 
polynomial curves to the measured coordinates and to compute velocities 
and accelerations along the flow paths.4,17 Computers provide more accurate 
fits than manual calculations and permit investigating a much greater num¬ 
ber of possible designs. 

Although the quantitative significance of such mathematical relations has 
not been established, comparisons of results for existing plow bottoms per¬ 
mit qualitative evaluations. For example, Carlson4 compared two bottoms 
whose performance characteristics had been established through years of 
field experience. Acceleration rates for the one considered to be the better 
performer were much more uniform than those of the other bottom and were 
considerably lower than for the other bottom on the rear portions of the 
moldboard. Actually, this comparison tends to substantiate the findings of 
earlier investigators that uniform soil acceleration along the flow paths is 
desirable for good performance. 

O’Callaghan and McCoy developed a method for predicting the draft of a 
plow bottom, based on experimentally determined equations for soil flow 
paths.17 They considered the forces on a 25-mm by 25-mm soil prism ex¬ 
tending the full depth of the soil layer on the moldboard. They derived equa¬ 
tions to show separately the components of work done in overcoming fric¬ 
tion, gravity, acceleration, and adhesion as this prism is moved from any one 
position to another position along a soil flow path. From these relations they 
could determine the total work done on an elementary prism in moving 
along a particular flow path from the front of the bottom to the discharge 
point. Their equations also permitted determination of V and S, from which 
parasitic drag forces on the landside and plow bottom could be calculated. 
Total draft forces predicted by this method checked reasonably well with ex¬ 
perimental results obtained in a sandy loam soil. 

6.24. Plow-Bottom Shapes for High Speeds. As a first step in in¬ 
vestigating plow-bottom shapes for high speeds, Soehne23 determined 
graphical representations for the shapes of about 25 existing plow bottoms, 
using the light-interception method described in Section 6.9. He also observ¬ 
ed their performances in the field and measured draft and lateral throw as a 
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function of speed.24 He utilized equation 5.3 (Section 5.19) to analyze the ef¬ 
fect of speed upon draft, calling K the coefficient of dynamic plowing 
resistance. He concluded from his tests that the most important factor af¬ 
fecting the values of K for different plow bottoms was the lateral directional 
angle of the rear of the moldboard. He also defined certain other shape 
parameters and attempted to relate them to performance, particularly in 
regard to high-speed plowing (8 to 11 km/h [5 to 7 mph]). Several high¬ 
speed bottoms were designed and tested, each design starting from a proven 
bottom for normal speeds.25 

In general, Soehne’s studies indicate that a high-speed plow bottom must 
be relatively flat, elongated, and pointed so that vertical and lateral soil 
velocity components will not be much greater than for conventional bottoms 
at lower speeds. In order to achieve satisfactory inversion, the moldboard 
must be relatively strongly twisted. Uniform twisting from the landside to 
the moldboard end provides satisfactory performance for a greater range of 
reduced speeds than with a moldboard having most of the twist near the 
end. The moldboard edge needs to be higher towards the furrow side than 
with a conventional bottom so soil is not sprayed over it at high speeds. 

Figure 6.12 compares the shapes of 2 similar plow bottoms designed for 
speeds of 5.3 km/h and 8 km/h [3.3 mph and 5 mph]. Values for the shape 

9 10 

Fig. 6.12. Contour representation of conventional plow bottom that worked well at 5.3 km/h 

[3.3 mph] (left), and shape developed from it for 8 km/h [5 mph] (right). Each contour line is 

projected from the plane identified by the same number or letter in the opposite view. (W. 

Soehne and R. Moller.25) 
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parameters that Soehne considered most important are indicated in the 
following table.25 

Conventional High-speed 

bottom bottom 

Speed, km/h [mph] 5.3 [3.3] 8.0 [5.0] 
Working width, cm [in.] 30 [12] 30 [12] 
Working depth, cm [in.] 22 [8.7] 22 [8.7] 
Maximum moldboard height, cm [in.] 35 [13.8] 40 [15.8] 
Share point angle (between share edge 

and line of travel), deg. 43 37 
Share lift angle at share point, deg. 22 17 
Share lift angle at share rear end, deg. 18 13 
Lateral direction angle on horizontal 

contour No. 6 

At front of moldboard, deg. 43 37 
At rear of moldboard, deg. 40 26 

In comparison with conventional plow bottoms operating at 4.8 to 5.6 

km/h [3 to 3 Vi mph], high-speed bottoms operating at their normal speeds 

should be designed to produce about the same amount of inversion and soil 

breakup with little difference in the furrow shape or the draft. To ensure ade¬ 

quate soil breakup, the share point angle, share lift angles, and lateral direc¬ 

tion angle at the front of the moldboard should be reduced only by relatively 

small amounts.25 
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PROBLEMS 

6.1. (a) By what percentage is the draft (Px) of a plow bottom increased if the horizontal 

component of pull is at an angle of 10° from the direction of travel rather than being straight 

ahead (Fig. 6.8, b versus a)? Assume Rh is at an angle of 12° from the direction of travel and the 
coefficient of friction on the landside is 0.33. 
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(b) By what percentage is the perpendicular force on the landside increased? Graphical solu¬ 

tion is suggested, with the scale at least four times that of Fig. 6.8. 

6.2. The total draft of a 4-bottom 41-cm moldboard plow when plowing 18 cm deep at 6 
km/h was 15 kN. 

(a) Calculate the specific draft in newtons per square centimetre. 

(b) What is the actual power requirement? 

(c) If the field efficiency is 75%, what is the rate of work in hectares per hour? 

6.3. A 4-bottom 36-cm moldboard plow is to be operated at a depth of 18 cm in a soil that 

has a specific draft of 5 N/cm2 at 4.83 km/h. Field efficiency is 80% and 125 ha/year are to be 

plowed. Assume that the average relation between draft and speed indicated by equation 6.2 ap¬ 

plies in this situation, that total plow costs (fixed costs plus share replacement and other repairs) 

are $5.00/ha and are independent of speed, and that the energy cost is 16£ per actual drawbar 

kilowatt-hour. The operator’s wage is $3.50/h. 

(a) Express the effective field capacity (ha/h) as a function of speed (km/h) 

(b) Determine the most economical speed (minimum cost per hectare) for plowing under the 

above conditions. Suggested procedure: set up an algebraic relation between speed and cost per 

hectare, and then differentiate to obtain minimum cost. 

(c) How would this speed be changed by increased labor costs? By increased energy costs? By 
decreased hectares per year? 
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Disk Implements 

7.1. Introduction. The disk harrow ranks close to the moldboard plow in 
importance as a tillage implement in the United States. Heavy-duty disk 
harrows are used for primary tillage, for controlling weeds, and for cutting 
up and mixing stubble or cover crops with the soil. Lighter units are often 
used in seedbed preparation subsequent to plowing. 

The popularity of disk plows has decreased drastically since the early 
1950s. United States domestic shipments averaged over 30 000 standard 
disk plows and 13 000 vertical-disk plows per year from 1950 through 
1954," but annual shipments from 1971 through 1975 averaged only about 
1000 standard disk plows and 1500 vertical-disk plows.1 By comparison, 
shipments of disk harrows during the 1971-1975 period averaged about 
100 000 units per year and moldboard-plow shipments averaged about 
50 000 per year.1 

Blades on disk harrows and disk plows are concave, usually representing 
sections of hollow spheres. The action of a concave disk blade is somewhat 
similar to the action of a moldboard plow bottom in that the soil is lifted, 
pulverized, partially inverted, and displaced to one side. Disk plows move all 
the soil toward the same side, whereas disk harrows have opposing gangs 
that move the soil in opposite directions. 

Multiple-disk implements leave a scalloped furrow-bottom profile. The 
theoretical height of the unfilled apexes above the lowest points in the furrow 
bottoms is directly related to disk spacing and inversely related to disk 
diameter and the angle between the disk face and the direction of travel.5,13 
In actual practice, the upper portions of the scallops may be broken-out as 
adjacent soil is moved. 

Disk implements can cut through crop residues, will roll over roots and 
other obstructions, and can be operated in nonscouring soils by using 
scrapers. They do not provide complete coverage of trash, which may be 
either an advantage or a disadvantage, depending upon the tillage objectives. 

7.2. Force Representation for a Disk Blade. The net effect of all soil forces 
acting on a disk blade as a result of the operations of cutting, pulverizing, 
elevating, and inverting the furrow slice, plus any parasitic forces acting on 
the disk, can be expressed in any one of several ways. In Fig. 7.1a, the resul¬ 
tant effect is expressed by two nonintersecting forces, one being a thrust 
force T, parallel to the disk axis, and the other being a radial force U. This 
method is particularly advantageous in calculating loads on disk support 

160 
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(a) (b) 

Fig. 7.1. Example of resultant soil forces acting upon a 61-cm [24-in.] vertical disk blade under 

field conditions in a silt loam soil, the total effect being represented by two nonintersecting 

forces: (a) a thrust force T, plus a radial force U, and (b) a horizontal force Rh , plus a vertical 

force V. (A.W. Clyde.3) 

bearings. (See reference 2 for a description of the procedure.) The thrust 
force is always well below the disk centerline because the soil acts against the 
lower part of the disk face. The radial force, which includes the vertical sup¬ 
port force on the disk blade, must pass slightly to the rear of the disk cen¬ 
terline to provide the torque necessary to overcome bearing friction and 
cause rotation of the disk. 

The resultant effect can also be expressed by either of the methods il¬ 
lustrated in Fig. 5.1, which are based on the longitudinal, lateral, and ver¬ 
tical components, L, S, and V and resultants of these forces. This type of 
force representation, illustrated in Fig. 7.16, is more useful than the other 
when considering the effects of soil forces upon an implement as a complete 
unit. In Fig. 1 Ab, the L and S components are combined into the horizontal 
resultant Rh so that the entire effect is represented by the two noninter¬ 
secting forces V and Rh (as in Fig. 5.1a). Because these two forces do not in¬ 
tersect, they introduce a couple Va that tends to rotate the implement about 
the axis of forward travel (the distance a is identified in Fig. 7.16). This cou¬ 
ple is always clockwise for a right-hand disk plow as viewed from the rear, 
which is opposite to the effect on a moldboard plow without a coulter. 

The forces indicated in Fig. 7.1a can be obtained directly from those in 
Fig. 7.16 (or vice versa) by proper application of the methods of statics. 
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Although the numerical values in Fig. 7.1 are for a disk on a vertical-disk 
plow, the same two methods of representation can be applied to a tilted disk, 
as on a standard disk plow, or to disks on a disk harrow. 

DISK PLOWS 

7.3. Standard Disk Plows. A standard disk plow consists of a series of in¬ 
dividually mounted, inclined disk blades on a frame supported by wheels. A 

tractor-mounted disk plow has only a rear furrow wheel. Disk plows are 
most suitable for conditions under which moldboard plows do not work 
satisfactorily, such as in hard, dry soils, in sticky soils where a moldboard 
plow will not scour, and in loose, push-type soils such as peat lands. A 

moldboard plow, in soils and moisture conditions where it works properly, 
does a better job than a disk plow and has a lower specific draft. 

Standard disk plows usually have from 3 to 6 disk blades, spaced to cut 18 
to 30 cm [7 to 12 in.] per disk. The disks are tilted backward at an angle of 
15 to 25° from the vertical (tilt angle in Fig. 7.2), and are usually operated 
with the horizontal diameter of the disk face at an angle of 42 to 45° from 
the direction of travel (disk angle, Fig. 7.2). Disk diameters are commonly 
61 to 71 cm [24 to 28 in.]. Scrapers are furnished as regular equipment on 
most standard disk plows. These assist in covering trash and prevent soil 
buildup on the disks in sticky soils. 

Disk 

Fig. 7.2. Identification of disk angle and tilt 

angle for a plow disk. 

Reversible disk plows (usually mounted or semimounted) have an 
arrangement whereby the disk angle can be reversed at each end of the field 
to permit one-way plowing. 

Under most conditions, and particularly in hard, dry soils, any disk tool 
must be forced into the ground by the effect of gravity upon its mass, rather 
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Fig. 7.3. Tapered roller bearings used to 

support the disks on a standard disk plow. 

(Courtesy of International Harvester Co.) 

than depending upon suction as does a moldboard plow. Consequently, stan¬ 
dard disk plows are built with heavy frames and wheels (total masses of 180 
to 540 kg [400 to 1200 lb] per disk blade), and even then, additional mass 
must sometimes be added. Whereas the moldboard plow absorbs side forces 
mainly through the landside, a disk plow must depend upon its wheels for 
this purpose. Because of the large, off-center thrust forces encountered, the 
disks are supported through antifriction bearings, usually tapered roller 
bearings (Fig. 7.3). 

7.4. Vertical-Disk Plows. The vertical-disk plow is also known by various 
other names such as one-way disk, disk tiller, harrow plow, and wheatland 
plow. It is similar to a pull-type, standard disk plow in regard to the frame, 
wheels, and depth control, but the disks are uniformly spaced along a com¬ 
mon axle or gang bolt and clamped together through spacer spools so the en¬ 
tire gang rotates as a unit (as in a disk harrow). This implement is used in the 
Great Plains area and in other grain-growing regions for shallow plowing 
(often only 8 to 10 cm [3 to 4 in.]) and mixing the stubble with the soil. 

The disks of a vertical-disk plow are somewhat smaller than those of a 
standard plow, the most common diameters being between 51 and 61 cm 
[20 and 24 in.]. They are generally spaced 20 to 25 cm [8 to 10 in.] apart 
along the gang bolt. The width of cut per disk depends upon the spacing and 
upon the angle (adjustable) between the gang axis and the direction of travel. 
Disk angles range from 35 to 55°, with 40 to 45° being most common. 

Widths of cut obtainable with various sizes of vertical-disk plows range 
from about 2 to 6 m [6 to 20 ft]. Some of the larger sizes have several 
gangs of disks in line, joined by flexible couplings. Since vertical-disk plows 
are primarily for relatively shallow plowing, they are built much lighter than 
standard disk plows (usually 45 to 90 kg [100 to 200 lb] per disk). 
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7.5. Soil Reactions on Plow Disks. The influence of different variables 

upon soil reactions has been investigated in a series of tests made under 

carefully controlled soil conditions at the USDA’s National Tillage 

Machinery Laboratory.6 Two soils were used, one a fairly heavy clay loam 

at moisture contents of 14.9 to 17.6% and the other a fine sandy loam at 8.5 

to 10.7% moisture. Most of the tests were with a 66-cm [26-in.] plow disk 

having a 56.9-cm [22.4-in.] radius of curvature. The results reported for 

these tests include values of L, S, V, and the calculated thrust T, but do not 

indicate the values of a or the magnitudes of the couples involved. Clyde 

reports that in field tests with the Pennsylvania State University tillage 

meter, the magnitude of the Va couple for a plow disk has usually ranged 

from 125 to 215 N-m [1100 to 1900 lbf-in.] (always clockwise for a right- 

hand disk).3 
The effects of speed were determined for a disk angle of 45°, a tilt angle of 

18 to 20°, a depth of 15 cm [6 in.], and widths of cut of 18 cm and 23 cm [7 

in. and 9 in.].6 When the speed was increased from 4.8 km/h to 9.6 km/h [3 

mph to 6 mph], the draft L increased 40% in the clay loam and 90% in the 

fine sandy loam. The rate of increase in the clay loam was slightly less than 

the average rate for moldboard plows indicated in Section 6.22. The side 

force S also increased with speed because the soil is thrown farther to the 

side. 

The vertical upward force V decreased as the speed was increased. Thus, 

with the blade tilted, increasing the speed would improve soil penetration un¬ 

der these soil conditions. Tests by other investigators indicate that if the 

blade is vertical the effect is reversed and penetration is decreased at higher 

speeds. 

The effect of disk angle is indicated for 2 soils and 2 tilt angles in graphs 

(a) and (b) of Fig. 7.4. Note that in these tests the draft was a minimum in 

each case at about a 45° disk angle. The increased draft at greater angles is 

probably due in part to greater throw of the soil. At smaller disk angles the 

draft tends to increase because of greater contact area between the furrow 

wall and the convex (rear) side of the disk. This increasing contact is also in¬ 

dicated by the reduction in measured side force at smaller angles, par¬ 

ticularly in the fine sandy loam. Penetration is improved by increasing the 

disk angle, since the upward V decreased considerably. 

Increasing the tilt angle, within the 15 to 25° range normally encountered 

in disk plows, increases the draft and the vertical upward force but decreases 

the measured side force (Fig. 7.4c). Thus, penetration is better at the smaller 

tilt angles. 

It was also found in the USDA tests that increasing the disk concavity 

(i.e., smaller radius of curvature) increased the vertical upward force 

somewhat, especially in the heavier soils, and tended to increase the draft. 

Comparative tests with 51-cm and 66-cm [20-in. and 26-in.] disks at a 45° 
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Fig. 7.4. Soil reactions versus disk angle and tilt angle for a 66-cm [26-in.] disk having a 56.9- 

cm [22.4-in.] spherical radius of curvature. (E.D. Gordon.6) 

disk angle slightly favored the larger disk in regard to draft and penetration 

when the disks were vertical but favored the smaller disk at a tilt of 19°. 

The USDA tests indicated that soil type and soil condition have the most 

pronounced effect on soil reactions, as evidenced by the comparative results 

for the two soils in Fig. 7.4. It should be kept in mind that these results were 

obtained in carefully prepared soils that had not been subjected to the effects 

of plant growth and other field environment conditions. 

Field tests with a 61-cm [24-in.] plow disk in 2 soil types in Australia12 

yielded relationships for V and 5” versus disk angle and for S versus tilt angle 

that were similar to those shown in Fig. 7.4. When operating at a 9-cm [3l/2- 

in.] depth in a sandy clay loam, L increased about linearly between disk 

angles of 32'/2° and 55°. In tests at a depth of 13 cm [5 in.] in a gray silty 

clay, L increased with disk angle when the width of cut was 20 cm [8 in.], 

decreased with a 10-cm [4-in.] cut, and remained constant when the cut was 

15 cm [6 in.]. 
7.6. Adjustments for Disk Plows. With some disk plows, the width of cut 

per disk blade can be changed by rotating the entire frame in a horizontal 

plane and adjusting the wheels to compensate for the changed frame angle. 

Reducing the width of cut by this method reduces the total draft. Penetra¬ 

tion in hard ground is improved because the total gravitational force acting 
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upon the implement is distributed over a narrower cutting width and because 

the accompanying increase in disk angle reduces the upward V as indicated 
in Fig. 7.4. 

Penetration of a standard disk plow is also improved by decreasing the tilt 

angle. If penetration is not difficult, the use of a larger tilt angle will result in 

better inversion of the furrow slice. A large tilt angle is best for sticky soils. 

DISK HARROWS 

7.7. Types and Characteristics. The three general types of disk harrows 

are illustrated in Fig. 7.5. A single-acting disk harrow has two opposed 

gangs of disk blades, both throwing soil outward from the center of the tilled 

strip. This type is seldom used except when ridges or raised beds are to be 

split out. A tandem disk harrow has two additional gangs that throw the soil 

back toward the center as a second operation, thus tilling the soil twice and 

leaving the field more nearly level, but with unfilled furrows along both sides 
of each pass. 

An offset disk harrow has one right-hand gang (i.e., a gang that moves 

the soil to the right) and one left-hand gang, operating in tandem. As will be 

explained in a later section, the forces acting upon an offset disk harrow are 

such that, when it is operating with no side draft, the center of the tilled strip 

is considerably to one side of the line of pull. This feature makes the offset 

disk harrow especially well-suited for working under low-hanging branches 

in an orchard. This type of disk harrow is usually designed for normal right- 
hand offset, as illustrated in Fig. 7.5. 

When the front gangs of a tandem disk harrow (or the two gangs of a 

single-acting disk harrow) are arranged as shown in Fig. 7.5, a narrow strip 

of unfilled soil is left between the center blades. This problem can be over¬ 

come by having a staggered arrangement of the two front gangs with the in¬ 

ner blade of one front gang operating directly behind the inner blade of the 
other front gang. 

Single-acting Tandem 

Fig. 7.5. Gang arrangements for the three general types of 

Right-hand offset 

disk harrows. 
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Traditionally, tandem disk harrows have been built lighter than offset disk 

harrows and have been used extensively for secondary tillage operations. 

The main use for offset disk harrows has been (and still is) for primary 

tillage. In recent years, however, models of tandem disk harrows with blade 

sizes, blade spacings, and masses per unit width that are comparable with 

those of offset disk harrows have become available. These heavy-duty tan¬ 

dem models (Table 7.1) have about the same primary-tillage capabilities as 

offset disk harrows. 

Some small, light-duty disk harrows (Table 7.1) are tractor-mounted. 

Most (if not all) current models of pull-type tandem disk harrows have 

wheels between the front and rear gangs that are used for leveling and depth 

control, to raise the implement for turning, and for transport. The wider 

units have hinged outer sections that provide flexibility for uneven fields and 

can be folded upward hydraulically to reduce the width for transport. 

Although some current models of offset disk harrows do not have wheels, 

the trend in recent years has been toward models with wheels. Offset models 

more than about 6 m [20 ft] wide usually have hinged joints between the ends 

of gang sections. 

Table 7.1. TYPICAL SIZES AND MASSES OF DISK HARROWS 

Type 

Blade 

Diam., 

cm 

[in.] 

Blade 

Spacing, 

cm 

[in.] 

Available 

Widths, 

m 

[ft] 

Mass per 

Unit of Width, 

kg/m 

[lb/ft] 

Tandem, mounted 

Tandem, wheel-type 

41,46,51,56 

[16,18,20,22] 

18-23 

[7-9] 

1.5-4.0 

[5-13] 

150-270 

[100-180] 

Light-duty 46,51,56 

[18,20,22] 

18-24 

[7'/4-9'/4] 

2.4-6.4 

[8-21] 

270-370 

[180-250] 

Medium-duty 46,51,56 

[18,20,22] 

19-24 

[7'/2-9'/4] 

3.4-9.5 

[11-31] 

370-480 

[250-320] 

Heavy-duty* 

Offset, pull-type 

56,61,66 

[22,24,26] 

23-28 

[9-11] 

3.4-13.7 

[11-45] 

480-700 

[320-470] 

With wheels-]- 56,61,66,71 

[22,24,26,28] 

23-28 

[9-11] 

2.1-7.3 

[7-24] 

400-750 

[270-500] 

No wheelsf 61,66,71 

[24,26,28] 

23-28 

[9-11] 

2.7-9.1 

[9-30] 

390-650 

[260-440] 

Data based on analysis of manufacturers’ information available in February, 1977. Ranges 

cover most, but not all disk harrows of any particular classification. 

♦At least one model has 61 or 66 cm [24 or 26 in.] blades and masses of 720 to 900 kg per 

metre of width [480 to 600 lb per foot of width], 
fA few models have 71 to 81 cm [28 to 32 in.] blades spaced 28 to 34 cm [11 to 13*/2 in.] apart 

and masses of 750 to 1100 kg per metre of width [500 to 740 lb per foot of width]. 
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Pull-type offset disk harrows without wheels have powered, adjustable 
angling for depth control, turning, and transport. Angling devices are 
usually operated with a remote hydraulic cylinder. Gang angles can be ad¬ 
justed manually on most mounted and wheel-type disk harrows while they 
are raised, sometimes by merely removing a pin but more often by loosening 
clamps or removing bolts. Depth control on wheel-type units is usually ob¬ 
tained by raising or lowering the implement through its wheels. 

When a disk harrow has wheels, the pull member or hitch between the 
frame and the tractor drawbar must be rigid or semirigid in the vertical 
direction to provide uniform depth control for front and rear gangs. The pull 
member is usually hinged to the frame and has an adjustable control arm 
linked to the lift mechanism on the cylinder or axle to give a generally 
parallel lifting action. Sometimes a spring is incorporated in this linkage to 
provide some flexibility for irregular ground surfaces. 

7.8. Bearings. Bearings on disk-harrow gangs are subjected to both radial 
and thrust loads of considerable magnitude and operate in contact with dirt 
most of the time. Some mounted tandem disk harrows are available with 
white cast iron bearings, but most disk-harrow gangs have sealed ball bear¬ 
ings. Tapered roller bearings are usually employed in the wheels. Bearings 
are discussed in Sections 3.3 and 3.4. 

7.9. Disk-Harrow Blades. Although most disk-harrow blades are sections 
of hollow spheres, blades having a truncated-cone shape are also used. 
Typical blade diameters and spacings are indicated in Table 7.1. The larger 
sizes and wider spacings are preferable for cutting up heavy cover crops and 
for other primary tillage, and they permit greater operating depths than do 
smaller blades. The maximum operating depth for a disk harrow is usually 
about one-fourth of the disk diameter. 

Small-diameter disks penetrate more readily than do large disks, i.e., they 
require less vertical force to hold them to a given depth. Reducing the con¬ 
cavity (larger radius of curvature) and sharpening disks from the concave 
side rather than the convex side also improve penetration (less vertical force 
required, or greater depth for a given vertical force). These effects are 
related to the size of the bearing area in contact with the $oil on the convex 
side of the disk.8 

Some disk harrows are equipped with cut-out or notched blades, usually 
with one cut-out for approximately each 2.5 cm [1 in.] of radius. Cut-out 
blades penetrate a little better than plain blades because of the reduced 
peripheral contact area. They cut heavy trash more readily because they 
tend to pull it under instead of pushing it ahead. They are also more expen¬ 
sive and wear more rapidly. 

Blade wear rates and resistance to impact shocks and fatigue are of con¬ 
cern to users and to manufacturers. In laboratory and field tests with disk- 
harrow blades made from SAE 1080 steel and heat treated to various 
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hardnesses,10 the lowest wear rate was obtained when the hardness was in the 
range from 44 to 48 on the Rockwell C scale (Rc). Wear rates were greater 
when steel of the same composition was either harder or softer. When steels 
having carbon contents from 0.45 to 0.95% were tested, the wear rate for any 
particular hardness decreased as the carbon content was increased. The wear 
rate with SAE 6160* steel was a little greater than for SAE 1080 steel at any 
given hardness. 

Results from additional laboratory tests10 indicated that both impact and 
fatigue resistance for disk blades made from SAE 1080 steel decreased 
rapidly as the hardness was increased from Rc36 to Rc52. Disks made from 
cross-rolled steel were definitely superior to disks from straight-rolled steel. 
In general, field experience has indicated that alloy steels (such as SAE 
6160) have better impact resistance than carbon steel and will stand up bet¬ 
ter in large disks subjected to extreme impact loads under severe operating 
conditions.10 

7.10. Soil Reactions on Disk-Harrow Blades. Tests were conducted with 
single 51-cm [20-in.] disk-harrow disks at the National Tillage Machinery 
Laboratory to determine the effects of adjustments and design parameters 
upon the soil reactions.7 The tests were conducted at 4 km/h [2.5 mph] in a 
sandy soil having 8.4% moisture, with the disk faces vertical (zero tilt angle). 
The effect of disk angle on L, S and V forces is shown in Fig. 7.6 for a con¬ 
stant depth and constant width of cut. All forces decreased as the disk angle 
was increased to 25°, primarily because the bearing area on the convex 
(back) side of the disk decreased. At angles greater than 25 to 30°the 
backside bearing area presumably was small. 

Increasing the radius of curvature from 47.8 cm to 66 cm [18.8 in. to 26 
in.] (less concavity) decreased L, S, and upward V moderately when the disk 
angle was 12° and slightly when the angle was 23°, but had little effect at 
35°. When the width of cut was increased from 5 cm to 15 cm [2 in. to 6 in.] 
at a disk angle of 23° and a depth of 10 cm [4 in.], the specific draft (L per 
unit area) decreased slightly, and the upward V per unit of furrow cross- 
sectional area decreased. 

Clyde conducted a series of field tests in a silt loam soil to determine soil 
reactions on groups of four or five 46-cm and 56-cm [18-in. and 22-in.] disk- 
harrow blades, using the Pennsylvania State University tillage meter.3-4 In 
these tests the value of V was varied by applying different masses to the disk 
assemblies and then allowing the disks to seek their own depth during the 
run. The results for the 56-cm [22-in.] disks are shown in Fig. 7.7. Average 
values of a are indicated, from which the magnitude of the soil cou¬ 
ple Va about the axis of forward motion can be determined. 

*SAE 1080 is a carbon steel with 0.80% carbon. SAE 6160 is an alloy steel containing 0.60% 

carbon, 0.70 to 0.90% manganese, and 0.80 to 1.10% chromium. 
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Disk angle, degrees 

Fig. 7.6. Soil reactions versus angle for a 51-cm [20-in.] disk with a 53.8-cm [21.2-in.] spherical 

radius of curvature, operated at 4 km/h [2.5 mph] in Lakeland sand having a moisture content 

of 8.4%. (W.F. McCreery.7) 

The 0.45 to 0.55 kN [100 to 120 lbf] upper limit of V per disk in Fig. 7.7 
represents a mass of about 445 kg per metre of width [300 lb per foot of 
width] for a tandem or offset disk harrow.* This upper limit is somewhat 
less than the average mass of present-day offset or heavy-duty tandem disk 
harrows (Table 7.1). The total V for a pull-type disk harrow without wheels 
is approximately equal to the gravitational force on the implement and any 
added mass. If a disk harrow has wheels (or is tractor-mounted), the mass of 
the implement merely establishes the maximum V for the condition when the 
wheels or tractor are carrying no vertical load from the implement. The 
magnitude of V when the wheels are being used for depth control depends 
mainly upon the soil condition, depth of penetration, and disk angle. 

The tests with 46-cm [18-in.] blades having a concavity of 44 mm [1% in.] 
and a spacing of 17 cm [65/s in.] were at values of V from 90 to 310 N [20 to 
70 lbf] per disk. These force values represent 110 to 375 kg of mass per metre 
of width [75 to 250 lb per foot of width] and cover the usual mass range for 
light-duty tandem disk harrows (Table 7.1). Ratios of L/Fand S/Vfor both 
sizes of disks are summarized in the following table. 

•Calculations based on ASAE Standard S290, “Determining the cutting width and the 

designated weight of disk harrows”, indicate 8.50 blades per metre of width for a 6-m tandem 

disk harrow and 9.02 blades per metre for a 6-m offset disk harrow. 
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Fig. 7.7. Soil reactions on 56-cm [22-in.] disk blades with 63-mm [2'/2-in.] concavity and 23-cm 

[9-in.] spacing, in a fairly compact silt loam with a moisture content of 19 to 24% at a speed of 

4.8 km/h [3 mph]. The product of V X a gives the rotational moment about the x axis. Rfr 
usually met the plane of the disk face near the vertical centerline and Rv met it 13 to 20 cm [5 to 

8 in.] above the bottom. (A.W. Clyde.3) 

Disk 46-cm [18-in.] blades 56-cm [22-in .] blades 
angle L/V ratio S/V ratio L/V ratio S/V ratio 

15° 0.5-0.75 0.6-0.9 0.7-0.85 0.15-0.8 
19° 0.7-1.0 1.0-1.3 0.95-1.1 0.4-1.1 
23° 0.9-1.2 1.25-1.55 1.3-1.5 1.2-1.4 

These ratios are for previously untilled soil. Ratios at a given angle may be 
somewhat different for the rear gangs of a tandem or offset disk harrow 
because they operate in soil that has been loosened by the front gangs. 

Note in Fig. 7.7 that at disk angles of 19° and 15° the observed values of S’ 
varied widely for a given V. When the disk angle was 15°, 5*decreased as the 
depth increased. These effects probably were due to varying amounts of side 
support resulting from contact between the back side of the disk blades and 
the furrow walls. The 23° disk angle apparently was large enough to provide 
clearance behind the cutting edge at all depths. The wide spread of S was not 
evident in the tests with 46-cm [18-in.] blades, perhaps because they had less 
concavity than the 56-cm [22-in.] blades. 

7.11. Forces Acting Upon a Disk Harrow. McKibben is credited with 
making the First complete force analysis on a disk harrow. His studies,9 
which included qualitative Field observations, were initiated soon after the 
commercial appearance of the offset disk harrow, primarily to determine the 
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factors responsible for its ability to operate in an offset position with no side 
draft. 

Soil reactions on an individual blade have already been discussed and are 
illustrated diagrammatically in Fig. 7.1. The combined soil reactions for a 
group or gang of disks can be considered as acting upon a single disk blade 
in the average position of all blades (i.e., at the center of the gang). The 
forces acting upon a complete disk harrow are then (a) the resultant soil 
reaction on each gang, (b) the force of gravity acting upon the implement 
and any extra mass added, (c) any supporting soil forces provided by wheels 
or as a result of being mounted on a tractor, (d) the pull of the power source. 
For uniform motion these forces must be in equilibrium. If there is to be no 
side draft, the sum of the side components of all soil reactions must equal 
zero. 

Vertical force relations for a complete disk harrow are discussed under 
hitching of pull-type implements in Chapter 8. 

7.12. Horizontal Forces. Figure 7.8b shows the horizontal forces acting 
upon an offset disk harrow without wheels (or with wheels carrying no load) 
when it is operating with no side draft. The location of the horizontal center 
of resistance H is determined by the intersection of Rhj- and Rhr. For the con¬ 
dition of no side draft, the hitch linkage of the disk harrow must be adjusted 
so the hitch point F0 is directly in front of H. 

If the hitch linkage is changed to move the implement either to the right or 
to the left from the no-side-draft position, side draft is introduced and the 
operating conditions of the harrow are changed. If, for example, the hitch 
point in Fig. 7.8b is moved from F0 to F2, the force equilibrium is momen¬ 
tarily destroyed and the side component of the new pull, acting at point H, 
rotates the implement counter-clockwise about Fr 

Rotation continues until the disk angles of the two gangs have readjusted 
themselves (the front increasing and the rear decreasing, since the total in¬ 
cluded angle remains constant) so that the difference between their lateral 
force components Sj- and Sr becomes equal to the side draft Py (as in Fig. 
7.8a). Note that the magnitudes of Lj- and Lr and the position of H also 
change during this readjustment. The change in disk angles shown between 
positions (b) and (c) seems small, but Clyde4 states that these results were 
consistent with those from other tests with this implement. 

Tn changing from condition (b) to condition (a), the amount of soil moved 
by the rear gang is decreased. Conversely, in the extreme right-offset posi¬ 
tion (Fig. 7.8c), the rear gang is doing most of the work. Even with no side 
draft (Fig. 7.8b), the rear gang operates at a greater angle and moves more 
soil than the front gang, because it is in softer soil. In orchards this condition 
results in a gradual movement of soil away from the trees. 

The force relations for a tandem disk harrow are symmetrical about the 
implement centerline because both front gangs are operating under the same 
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soil conditions (untilled), with the side components equal and opposite to 
each other, and both rear gangs are in tilled soil. Thus H for the 2 front 
gangs and H for the 2 rear gangs are both on the centerline and the imple¬ 
ment operates with no side draft and no offset. 

7.13. Amount of Offset Obtainable. Let e be the amount of offset from the 
hitch point to the center of cut, a = the horizontal angle of pull, d = the 
longitudinal distance between the centers of the two gangs, and b = the 
longitudinal distance from the center of the front gang to the hitch point 
(Fig. 7.8c.) Taking moments about Fx yields the following relation, assum¬ 
ing that /?^and R^ pass through the centers of the gangs. 

eLf+ eLr + bSf-(b + d)Sr = 0 

from which 

b(Sr-Sf) + dS. 
=-rr;-= b tan a + 

Lf + Lr 

dS, 

Lf+Lr 
(7.1) 

For the condition of no side draft, Sf = Sr = S and a = 0. Then, from 
equation 7.1, the offset with no side draft is 

 dS 
Lf+Lr 

(7.2) 

Equation 7.2 states that the amount of offset obtainable without side draft is 
a function only of the distance between gangs and of the relative magnitudes 
of the lateral and longitudinal soil reactions. The soil-force relations, 
however, are affected by soil condition, disk angles, disk-blade size and con¬ 
cavity, and other factors. S/L increases as the disk angle is increased and, 
according to Clyde,4 is greater in firm soils than in soft soils. 

7.14. Couples Acting on Disk-Harrow Gangs. It is a well-known fact that 
the concave end of a disk-harrow gang tends to penetrate more deeply than 
the convex end. This condition exists because the soil-force component T, 
perpendicular to the disk blades, is applied well below the axle (Fig. 7.9) 
while the balancing force T ' is applied at axle height (through the bearings), 
thus forming a couple Tf. 

Fig. 7.9. Vertical and thrust forces acting 

upon a disk-harrow gang. 
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With uniform penetration, V will act approximately at the center of the 
gang. To obtain uniform penetration with a single gang, the resultant 
downward force W' (force of gravity on the gang and any extra mass added, 
minus any upward component of pull) must act at a distance h from the cen¬ 
ter of the gang (toward the convex end) such that 

W'h = JT (7.3) 

It is a relatively simple matter with single-acting and tandem disk harrows 
to obtain uniform penetration by having the couples of the laterally opposed 
gangs counteract each other through the frame. The design problem is more 
complex in the case of an offset disk harrow because the opposing couples 
subject the frame between the gangs to torsion. Adequate torsional stiffness 
and appropriate adjustments for lateral leveling of one gang with respect to 
the other are important. 

Another complicating factor in an offset disk harrow is that the couple of 
the front gang is usually considerably larger than that of the rear gang 
because the rear gang is operating in looser soil. For example, in the tests 
represented by Fig. 7.86, the front couple was 723 N-m [6400 lbf-in.] 
whereas the rear couple was only 462 N-m [4090 lbf-in.]. The larger front 
couple results in a tendency for the right side of the entire harrow, and par¬ 
ticularly the right end of the front gang, to run deeper than the rest of the 
harrow (considering a right-hand offset disk harrow). Transport wheels, if 
used for depth control, tend to minimize the problems of uneven penetration. 
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PROBLEMS 

7.1. Each gang of an offset disk harrow without wheels has 13 61-cm blades spaced 24 cm 

apart. The total mass is 1400 kg. In operation, = 8.7 kN and V = 5.3 kN. The disk angles 

are 16° for the front gang and 22° for the rear gang. Based on information presented in Section 

7.10 and Figs. 7.8 and 8.2, the estimated L/V is 0.9 for the front gang and 1.2 for the rear gang, 

and the estimated S/V is 0.7 for the front gang and 1.1 for the rear gang. Calculate 

(a) Draft 

(b) Side draft. 

(c) Kilonewtons of draft per kilogram of mass. 

7.2. The resultant effect of all soil reactions upon each 56-cm blade of a 7-blade disk-harrow 

gang is represented by the values indicated for the radial force U and the axial thrust force T in 

the accompanying diagram.3’4 U actually passes slightly to the rear of the disk center to provide 

torque for rotating the gang but is shown through the center to simplify the problem. The gang 

is supported by two combination radial-thrust bearings 1.15 m apart and equidistant from the 

plane of the resultant radial force for the gang. The total mass of the rotating assembly (disks, 

spools, gang bolt, etc.) is 115 kg and the center of gravity is midway between the bearings. 

(a) Determine the radial force on each bearing. Use graphical methods where feasible. 

Suggestion: see reference 2. 

(b) Determine the total thrust force. Discuss its probable distribution between the two bear¬ 

ings, and factors that might affect the distribution. 

(c) What is the magnitude of the couple that must be resisted by the frame (and counteracted 

by an opposing gang) to provide uniform penetration depth if no extra mass is added? 

7.3. A disk-harrow gang with 56-cm blades is operating at a disk angle of 19°, with a V of 

0.35 kN per disk. 

(a) Taking the average values indicated in Fig. 7.7, construct a force diagram similar to Fig. 

7.16 

(b) By application of static mechanics, determine the location and magnitude of the 

corresponding radial and thrust forces as in Fig. 7.1a. 

7.4. A right-hand offset disk harrow is operating with disk angles of 15° and 21°, respec¬ 

tively, for the front and rear gangs. The centers of the two gangs are 2.45 m and 4.25 m behind a 

transverse line through the hitch point on the tractor drawbar. The horizontal soil-force compo¬ 

nents are: Lf = 3.1 kN, Sf = 2.65 kN, Lr = 3.35 kN, Sr = 3.8 kN. Calculate: 

(a) The horizontal angle of pull (from the line of travel) 

(b) The horizontal pull, Ph 

(c) The amount of offset of the center of cut with respect to the hitch point. 

7.5. Draw carefully a diagram to show the horizontal force relations for a tandem disk 

harrow (similar to Fig. 7.8). Assume that for each gang the disk angle is 19° and L/S = 1.2. 
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Hitch Systems and 
Hitching Tillage Implements 

8.1. Introduction. This chapter considers force relations involved in 
hitching pull-type implements, as well as force relations, design parameters, 
and performance characteristics of hitch systems for mounted and 
semimounted implements. Symbols and terminology employed in the force 
analyses are defined in Sections 5.7 and 5.8. Factors affecting useful soil 
forces, methods of measuring these forces, and some information regarding 
their magnitudes and directions have been discussed in Chapters 5, 6, and 7. 

The useful soil force components L, S, and V (or resultants Rh and Rv) 
and the implement gravitational force W are the independent force variables 
involved in analyzing either a simple drawbar hitch arrangement or integral 
hitch systems. The parasitic soil forces Q and the pull P are dependent 
variables that may be influenced by the hitch arrangement. The analysis 
procedures in this chapter assume that W and the components of the useful 
soil force are known or can be estimated. Another approach for determining 
the force relations between the implement and the tractor is to actually 
measure the magnitude and direction of the pull (or its components) by some 
method such as those described in Sections 5.16 and 5.17. 

It is common practice in analyzing force relations for hitching tillage im¬ 
plements to give separate consideration to horizontal components of R, Q, 
and P, and to W and the components of these forces in a vertical plane (or 
planes) parallel to the line of motion. These considerations are referred to as 
horizontal hitching and vertical hitching. 

The primary objective of proper hitching for pull-type implements having 
adjustable pull members is to establish the locations and/or magnitudes of 
the resultant parasitic support force (Qh or Qv) and the pull (Py, or Pv) that 
are the most desirable from the standpoints of the effects of the pulling force 
upon the tractor and the magnitude and distribution of parasitic forces 
acting upon the implement. Force relations for mounted or semimounted 
implements in a given soil condition are determined primarily by the design 
of the hitch linkage and implement and by the method of controlling imple¬ 
ment depth, rather than by hitch adjustments. 

177 
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VERTICAL HITCHING OF PULL-TYPE IMPLEMENTS 

8.2. Types of Vertical-Hitching Situations. Pull-type tillage implements 
generally fall into one of the following three categories in regard to vertical- 
hitching arrangements and the effects of hitching upon the force system. 

(a) Implements with hinged pull members that have support wheels or 
support runners to gage the depth. The pull member acts as a free link 
in the vertical plane. Examples are moldboard plows, disk plows, and 
drag-type spring-tooth harrows. 

(b) Implements with hinged pull members that do not have gage wheels or 
runners. The only support is through the soil-working units, and 
parasitic forces cannot be separated from the useful soil forces. Exam¬ 
ples are disk harrows without wheels, spike-tooth harrows, and 
tandem-gang rotary hoes. 

(c) Single-axle implements with rigid pull members. Examples are field 
cultivators and chisels, subsoilers, and disk harrows that have wheels 
for transport and depth gaging. 

Force relations are shown in the following sections for one example of 
each type, and hitch adjustment recommendations are included for some 
other types. One must remember that in all the force analyses, the direction 
and magnitude of Rv may vary widely from those shown, even within one 
field. 

8.3. Implements Having Hinged Pull Members and Support Wheels or 

Runners. Figure 8.1 shows the vertical force relations for a pull-type 
moldboard plow. For uniform motion, W, Rv, pvt and Qv must be in 
equilibrium. Knowing the magnitudes and locations of the implement 
gravitational force W and the useful soil force Rv under the particular 
operating conditions involved, the first step in analyzing the hitch is to com¬ 
bine these forces graphically into the resultant AB (Fig. 8.1). 

The line of pull is established next. It must pass through the hitch point F 
on the tractor and the hitch hinge axis selected at E, since the pull member 
acts as a free link in the vertical plane. The line of pull and the resultant A B 
intersect at G. The line of action of the support force Qv fs now drawn 
through G, although its magnitude is not yet known. In Fig. 8.1, Qv is shown 
with some backward slant to include the rolling resistance of the wheels fur¬ 
nishing the vertical support. If the support were mostly on sliding surfaces, 
more slant would be needed to include the friction force. 

Since Pv must be in equilibrium with AB and Qv, the magnitudes of Qv 
and Pv can be determined by moving AB along its line of action to DG and 
then completing the force parallelogram as indicated. 

The top example in Fig. 8.1 represents a desirable hitch adjustment for a 
moldboard plow, with Qv located well behind the front wheels so there is 
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Fig. 8.1. Vertical force relations for a pull-type implement having support wheels and a hinged 

pull member. 

enough load on the rear wheel for stable operation. The lower example il¬ 
lustrates an extreme condition in which the hitch point E is so high on the 
plow that Qv is about under the front wheels, with practically no load being 
carried on the rear wheel. The rear of the plow will be very unstable, par¬ 
ticularly when momentary variations in the direction and magnitude of 7^ 
are considered. 

Hitching at too low a point on the implement has the opposite effect. The 
resultant support force Qv is moved toward the rear, thus reducing the load 
on the front wheels. Increasing or decreasing the slope of Pv without chang¬ 
ing the location of G decreases or increases Qv but does not change its loca¬ 
tion. Having too great a slope for Pv can cause difficulty in maintaining the 
desired depth, particularly with a relatively light implement that has little or 
no suction, such as a spring-tooth harrow. 

Clyde5 recommends that for moldboard plows the preliminary adjustment 
of the hitch height on the plow frame be such that Pv passes through a point 
slightly below the ground surface and directly above the average location of 
.all share points. For disk plows the suggested trial point for establishing the 
line of pull is at the ground surface midway between the centers of the front 
and rear disks.5 If the rear furrow wheel of a disk plow has the proper 
amount of lead toward the plowed ground and still tends to climb out of the 
furrow, the hitch point on the plow frame should be lowered, thus putting 
more of Qv on the rear wheel. 
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Fig. 8.2. Vertical force relations for a pull-type offset or tandem disk harrow without wheels 

and with no hinge axis between the front and rear gangs. Numerical values are for the condi¬ 

tions indicated in Fig. 7.86 (A. W. Clyde.5) 

8.4. Implements with Hinged Pull Members but Without Gage Wheels or 

Runners. Vertical force relations for an offset or tandem disk harrow 
without wheels are shown in Fig. 8.2. The only support from the soil is 
through the disk blades. The position of point G is established by the inter¬ 
section of W and the line of pull Pv. The soil forces Rvf and Rvr 
automatically adjust themselves, by means of depth changes, so their resul¬ 
tant Rv passes through point G and is in equilibrium with W and Pv. 

Raising the hitch on the implement frame raises G and moves Rv closer to 
the front gang, thus increasing Rvj- and decreasing Rvr. The result would be 
increased depth of penetration for the front gang and decreased depth for the 
rear gang. In the example shown, Rvj is greater than Rvr because the front 
gang is operating in firm soil and the rear gang is in loosened soil. 

8.5. Single-Axle Implements with Rigid Pull Members. When a single¬ 
axle implement receives vertical support only through its wheels, the loca¬ 
tion of Qv is fixed. The line of Qv must pass slightly behind the axle cen¬ 
terline (Fig. 8.3) in order to supply torque to overcome wheel-bearing fric¬ 
tion and cause rotation of the wheels. Point G is fixed by the intersection of 
AB and Qv, and the line of pull is through G and the vertical hitch point Fat 
the tractor drawbar. The only possible hitch adjustment is changing the 
height of the drawbar at F, which would change the slope of Pv. In the exam¬ 
ple shown, with Rv having a downward slope, moving the wheels rearward 
with respect to the soil-engaging tools would increase the slope of Pv and 
reduce the magnitude of Qv. 

The force relations for a disk harrow having wheels to gage the depth 
would be basically the same as the relations shown in Fig. 8.3, but R^, would 
have a steep upward slope as shown in Fig. 8.2. The fore-and-aft location of 
Rv would be determined by the relative depths and soil resistances of the 
front and rear gangs. The relative depths would be related to the attitude of 
the frame, as established by the vertical adjustment of the rigid pull member. 
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D 

Fig. 8.3. Vertical force relations for a single-axle, pull-type implement receiving vertical sup¬ 

port only through its wheels. 

HORIZONTAL HITCHING OF PULL-TYPE IMPLEMENTS 

8.6. Types of Horizontal Hitching Situations. Most tillage implements, 
with the exception of moldboard plows, disk plows, and offset disk harrows, 
are symmetrical about their longitudinal centerlines. The side components 
of the soil forces are balanced, the horizontal center of resistance is at the 
center of the tilled width, and the horizontal line of pull is in the direction of 
travel. 

Plows and offset disk harrows can withstand substantial amounts of side 
draft (lateral component of pull), and proper hitching is necessary to 
minimize adverse effects on the tractor and the implement. Moldboard 
plows absorb side forces through the landsides, disk plows through the 
furrow wheels, and offset disk harrows by automatically changing the disk 
angles to create a difference between the soil-force side components for the 
front and rear gangs. Pull-type disk plows have essentially free-link pull 
members, whereas moldboard plows and disk harrows have laterally rigid 
pull members. Horizontal hitching for moldboard plows and disk plows is 
discussed in the two following sections. Horizontal force relations for an 
offset disk harrow were covered in Section 7.12. 

It is not always possible to have the horizontal center of resistance of an 
implement directly behind the center of pull of the tractor, particularly for 
narrow implements and wide-tread tractors. If the implement can withstand 
side forces, the alternatives are a central angled pull passing through the cen¬ 
ter of pull of the tractor, an offset straight pull, or an offset angled pull. If 
the implement cannot withstand side draft, the only alternative is an offset 
straight pull. The center of pull of the tractor is generally considered to be 
midway between the rear wheels and slightly ahead of the axle, since the dif¬ 
ferential divides the torque to the wheels about equally. 

A central angled pull does not affect tractor steering, whereas the offset 
pulls do. An angled pull (either central or offset) introduces a side force on 
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the tractor rear wheels which is sometimes of sufficient magnitude to be ob¬ 
jectionable. An angled pull is undesirable with some implements, even 
though the implement can resist the side forces. Usually, some compromise 
in hitching is best, with part of the adverse effect being absorbed by the trac¬ 
tor and part by the implement. For implements such as the moldboard plow 
and the offset disk harrow, the lateral location of the center of resistance can 
be controlled somewhat by design relations (Sections 6.15 and 7.12). 

8.7. Horizontal Hitching of Pull-Type Moldboard Plows. As indicated in 
Section 6.15, the location of the horizontal center of resistance H for a 
moldboard plow bottom is determined by the point of intersection of the 

parasitic force Qh, acting upon the landside, and RThe lateral location of 
H varies somewhat, depending upon soil conditions, length of landside, 
amount of side force taken by the rear furrow wheel, etc. For hitching pur¬ 
poses the location is often assumed to be about one-fourth of the width of cut 
over from the landside and a little behind the rear edge of the share. The line 
of pull is determined by the location of H and the location of the drawbar 
hitch point F (Fig. 8.4), since the pull member is laterally rigid. 

The ideal hitch is obtained when the tractor tread can be adjusted so the 
center of pull is directly ahead of the horizontal center of resistance. In some 
cases, however, a sufficiently narrow wheel tread cannot be obtained or is 
not practical, even with one rear wheel in the furrow. With large plows, the 
tractor is sometimes operated with both wheels on unplowed ground, 
primarily to reduce soil compaction from the wheel in the furrow. When a 
central, straight pull cannot be obtained, it is common practice to divide the 
effects of the offset, as indicated in Fig. 8.4, so that the line of pull passes a 
little to the right of the center of pull but not enough to cause steering trou¬ 
bles. Fortunately, a moldboard plow will operate satisfactorily even when 
the line of pull is at a considerable angle from the line of travel. 

Fig. 8.4. Recommended horizontal hitching for a moldboard plow pulled by a wide tractor. 

(R. J. McCall and A. W. Clyde. Pennsylvania Agr. Ext. Circ. 259.) 
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8.8. Horizontal Hitching of Pull-Type Disk Plows. The horizontal force 
relations (Fig. 8.5) are somewhat different for a disk plow than for a 
moldboard plow, because all the side thrust must be taken through the 
wheels and because the pull member on a disk plow (DF in Fig. 8.5) is essen¬ 
tially a free link in regard to horizontal forces. Whereas the horizontal line 
of pull on a moldboard plow must pass through the hitch point on the tractor 
and through a center of resistance established primarily by the plow and soil 
characteristics, the horizontal line of pull for a disk plow is determined by 
the location of hitch points D and F. The position of the horizontal center of 
resistance H and the location of the resultant side force Qh are then es¬ 
tablished by the point of intersection of F/, and Rh. 

Fig. 8.5. Horizontal force relations and hitching for a pull-type disk plow. Although a standard 

disk plow is shown, the relations are basically the same for a vertical-disk plow. 

For the side force to be divided equally between the front and rear furrow 
wheels, the line of Qh must pass midway between them. With most pull-type 
disk plows this condition will be approximated if the hitch is adjusted so the 
line of pull passes through a point slightly to the left of the average position 
of all disk centers (thus establishing H in the desired location).5 If hitch 
point D in Fig. 8.5 is moved to the left on the plow frame, H and Qh will be 
moved toward the rear of the plow, and the rear furrow wheel will carry a 
greater proportion of the side thrust. Moving D to the right (or F to the left) 
puts more of the side thrust on the front wheel. 

HITCHES FOR MOUNTED IMPLEMENTS 

8.9. Design Considerations and Types of Linkages. Two types of hitch 
linkages are common on present-day tractors. Practically all rear-mounted 
hitches are of the three-point, converging-link type, and parallel-link hitches 
are employed extensively for front-mounted cultivators. Single-axis hitches 
have been superseded by three-point hitches in new designs. Any of these 
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three types can be operated with the hitch members acting as free links in 
vertical planes or with the implement supported through the lift mechanism 

of the tractor (restrained links). 
Some of the factors that should be considered in designing or evaluating a 

system for mounting tillage implements on the rear of a tractor are: 

1. Ease of attachment and adjustment; versatility; and safety. 
2. Standardization to permit interchangeability. 
3. Uniformity of tillage depth as the tractor passes over ground-surface 

irregularities. 
4. Ability to obtain penetration of the implement under adverse condi¬ 

tions, particularly with implements such as disk harrows and disk 

plows. 
5. Rapidity with which tools such as plows and listers enter the ground. 
6. Trailing characteristics of the implement around contours and on side 

hills. 
7. Effect of the implement upon the tractive ability of the tractor (vertical 

load transfer from front wheels to rear wheels). 
8. Effect of the raised implement upon the transport stability of the 

tractor. 

8.10. Three-Point Hitches. Following the introduction of hydraulic con¬ 
trol systems on tractors in the late 1930s, quite a number of different hitch 
arrangements for rear-mounted implements were developed. From these 
evolved the present-day, standardized three-point hitch systems (Fig. 8.6) 
that are used worldwide by tractor manufacturers. The two lower links con¬ 
verge toward the front and are free to swing laterally within limits. They 
may also be locked so they are laterally rigid, which is desirable in some 
nontillage applications. The upper link and the lower links converge ver¬ 
tically toward the front. 

The ASAE-SAE standards for 3-point hitches' specify all dimensions 
related to the 3 connecting points between the implement and the tractor, as 
well as minimum limits for lift height, lateral leveling adjustments, and side 
sway, and the minimum lift force to be available at the hitch pins. Link 
lengths and the amounts of horizontal and vertical convergence are not 
specified. Dimensions are included for 4 hitch categories for different ranges 
of maximum drawbar power, as follows: category I — 15 to 35 kW [20 to 45 
hp], category II — 30 to 75 kW [40 to 100 hp], category III — 60 to 168 kW 
[80 to 225 hp], and category IV — 135 to 300 kW [180 to 400 hp]. 

Quick-attaching couplers for three-point hitches have been developed to 
facilitate the attachment of implements that are too heavy to be nudged into 
position by one man. These have been standardized to fit onto the standard 
three-point linkage systems. An example is shown in Fig. 8.6. The hitch links 
can be connected directly to the implement if the coupler is not used. Quick- 
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Fig. 8.6. Three-point hitch with quick-attaching coupler. (Courtesy of Deere & Co.) 

attaching couplers allow the operator to couple or uncouple an implement 

without leaving the tractor seat, thus contributing to both convenience and 

safety. 

8.11. Free-Link Operation of Three-Point Hitches. With free-link opera- 

tion, depth is controlled by gage wheels or other supporting surfaces on the 

implement. Although depth control form mounted moldboard plows can be 

obtained through vertical support from the rear furrow wheel and the heel of 

the rear landside, gage wheels running on the unplowed ground are more 

common when free-link operation is desired. 

The vertical force relations for free-link operation with a moldboard plow 

having a gage wheel are shown in Fig. 8.7. In free-link operation, the con¬ 

vergence of the links in a vertical plane provides a vertical hitch point or in¬ 

stantaneous center of rotation as shown at Fv. The location of Fv can readily 

be changed by modifying the arrangement of the links and it shifts 

automatically as the implement is raised or lowered. The broken-line posi¬ 

tion of the links in Fig. 8.7 illustrates how F'v is lower than Fv and farther to 

the rear when the tool is entering the ground. This shift promotes more rapid 

Fig. 8.7. Vertical force relations for a three-point hitch when operated as a free-link system. 
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entry of tools that have appreciable bottom support surfaces (such as a 

moldboard plow). 
The force analysis is basically the same as for a single-axle, pull-type im¬ 

plement (Section 8.5) except that the line of pull Pv must pass through the 

virtual hitch point Fv rather than through a real hitch point. All the vertical 

support in this example is assumed to be on the gage wheel, thus establishing 

the line of action of Qv. The slope represents the coefficient of rolling 

resistance. W and Rv are first combined into the resultant A B, and the loca¬ 

tion of G is established by the intersection of A B and Qv. Pv then passes 

through G and Fv. 
Raising Fv, by modifying the linkage, would reduce Qv and increase the 

load on the tractor rear wheels, as will be explained in Section 8.16. 

However, Qv must not be reduced to the point where the implement becomes 
unstable due to momentary variations in Rv. Increasing the plow length by 

adding more bottoms would move W, Rv, Qv, and G farther to the rear. Pv 
would then have less slope but would be higher above the ground at the trac¬ 

tor wheels. 
Gaged, free-link operation gives more uniform depth than either 

automatic position control or automatic draft control when the field surface 

is irregular and the soil resistance varies substantially, particularly with the 

larger sizes of mounted moldboard plows. Gage wheels are sometimes used 

in preference to the other systems in light soils where the draft is relatively 

low. Wide field cultivators and chisels often have gage wheels to minimize 

depth variations across the width of the implement. 

8.12. Restrained-Link Operation of Three-Point Hitches. In restrained- 

link operation, the implement gets all or most of its vertical support from the 

tractor, the hitch links being free only when the tool is entering the ground. 

As soon as a moldboard plow, for example, reaches its working depth, it is 

held by the hydraulic system. Its landside and rear furrow wheel must have 

clearance above the furrow bottom so the plow can go deeper when the con¬ 

trols call for greater depth. 

Since the implement obtains no support from the soil, Pv is merely the 

equilibrant of W and Rv as indicated in Fig. 8.8. The lift links are in tension 

and the implement exerts downward bending moments on the portions of the 

lower links behind the lift links. Reference 2 describes a method for graphic 

determination of the forces acting upon the hitch links when Pv is known. 

With restrained-link operation, the effect of the implement upon the trac¬ 

tor when the implement is at its operating, depth is independent of the hitch 

linkage arrangement. The only significance of the virtual center of rotation 

Fv is that, with single-acting lift mechanisms (the usual arrangement for in¬ 
tegral systems), the line of pull cannot pass below this point. However, when 

the tool is entering the ground, the location of the virtual center of rotation 

affects the pitch of the tool, just as it does with full free-link operation. 
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Fig. 8.8. Vertical force relations for a mounted implement when supported by restrained links. 

W and Rv are the same as in Fig. 8.7. 

Operating with restrained links rather than free links increases the ver¬ 

tical load on the tractor rear wheels and thereby provides greater tractive 

ability. This is because the support forces that would act upon the gaging 

units in a free-link system are transferred to the tractor rear wheels when the 

links are restrained and because the higher location of Pv at the rear wheels 
increases the load transfer from the front wheels to the rear wheels. 

But when the implement is suspended at a fixed height with respect to the 

tractor, as with automatic position control (Section 4.20), depth fluctuations 

caused by ground-surface irregularities are greater than with a gaged, free- 

link system. The magnitude of this problem increases in direct proportion to 

the amount of overhang of the implement behind the tractor rear axle. 
In some European countries, height sensors that actuate the hydraulic lift 

system are attached to the frames of mounted plows in the vicinity of the 

plow bottoms.3 This arrangement gives good depth control, even in un¬ 

dulating fields, while retaining the advantage of extra rear-wheel loading ob¬ 

tained with restrained-link operation. 

8.13. Automatic Draft Control. This is a type of restrained-link system in 

which the depth of the implement is automatically adjusted to maintain a 

preselected, constant draft, as explained in Section 4.21. If the soil resistance 

is uniform, depth fluctuations caused by irregular ground surfaces are less 

with automatic draft control than with automatic position control, but may 

still be appreciable.7 In a field with nonuniform soil conditions, depth will 

vary as a result of the variations in soil resistance, regardless of whether the 

field is smooth or undulating. Dwyer9 has made a theoretical analysis of the 

operation of automatic draft control systems over undulating surfaces, in 

which he considered the effects of all forces acting upon the plow and of the 

response sensitivity. He checked his analysis with the results of field tests. 

In smooth fields, automatic draft control maintains the average draft 

within the available power or tractive ability of the tractor. It also acts to 

dynamically increase vertical-load transfer to the drive wheels when high 

draft requirements of short duration are encountered. When an overload oc- 
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curs, the automatic draft control system attempts to lift the implement 

against gravity and its inertia and against any downward soil force compo¬ 

nents. This lifting action behind the tractor results in a counterbalancing 

lifting action on the front wheels, thus momentarily transferring vertical 

load to the drive wheels from both the implement and the front wheels and 

minimizing wheel slippage until the draft overload has been reduced. If the 

excessive soil resistance persists over any appreciable distance, the imple¬ 

ment depth is reduced proportionately. 
Wilson14 reports the results of field tests with a 5-bottom mounted plow in 

which 36 draft corrections per minute were observed in loam and 12 per 

minute in a sandy soil. The average duration of the draft corrections was 

0.2 s. During the corrections an average of 1.8 kN [400 lbf] above the normal 

was transferred from the plow and 1.3 kN [300 lbf] from the front wheels, 

thus momentarily adding 3.1 kN [700 lbf] of vertical load to the tractor rear 

wheels. 
8.14. Draft Sensing. Upper-link draft sensing was employed on all early 

automatic draft control systems and is still used extensively on small and 

medium-size tractors. With mounted implements of appropriate sizes for 

these tractors, the upper link is almost always in compression when the tools 

are in the ground. 
However, the long overhang of plows for large tractors causes the line of 

pull to pass above the lower-link hitch points in many cases, thus putting the 

upper link in tension. In the normal operating range, the upper link may be 

subject to either tension or compression. It can provide no signal if the line 

of pull passes directly through the lower-link hitch points. Consequently, 

most of the larger tractors have lower-link sensing or tractor driveline tor¬ 

que sensing (Section 4.21). 

8.15. Vertical Hitching Relations for a Semimounted Plow. A semi- 

mounted plow is usually attached only to the two lower links, as shown in 

Fig. 8.9. If the tractor has upper-link sensing, automatic draft control can be 

obtained only by using an A-frame as shown in Fig. 6.1, in which the 

horizontal hinge axis is slightly below the lower-link hitch pins so the upper 

link is subjected to compression. The line of pull passes through the horizon¬ 

tal hinge axis in either case. 
In this example, as in Fig. 8.7, all the vertical support force from the soil is 

assumed to act upon the rear furrow wheel. Actually, the plow bottoms 

probably provide some support, which would put Qv somewhat forward 

from the rear wheel. W is shown larger in proportion to Rv than in Fig. 8.7 

and 8.8 because semimounted plows are about 50% heavier per bottom than 

are mounted plows. 

Since Pv must pass through the horizontal hinge axis provided at the 
three-point hitch, locating the hinge axis higher on the frame would raise Pv 
and thereby increase the vertical-load transfer to the tractor rear wheels. 
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Fig. 8.9. Vertical force relations for a semimounted plow. All the vertical support from the soil 

is assumed to be at the rear furrow wheel. 

Wilson14 found that the momentary dynamic load-transfer increases due to 

automatic draft corrections in two soil types were less than half as great as 

for a comparable mounted plow, probably because of the shorter moment 

arms involved in lifting the semimounted plow. 

Field observations with a five-bottom, semimounted plow indicated very 

little difference between automatic position control and automatic draft con¬ 

trol in regard to uniformity of depth in undulating ground conditions.14 

8.16. Vertical Effects upon the Tractor. When the magnitude and line of 

action of Pv are known, the effect of the implement upon the drive-wheel 
loading of the tractor can readily be determined. The force relations in a ver¬ 

tical plane are shown in Fig. 8.10. Rr and Rf are the vertical supporting soil 

reactions upon the wheels, and Rt is the tractive effort. Rr is slightly in front 
of the rear axle (perhaps 25 to 50 mm [1 to 2 in.]) because of the rolling 

resistance of the tractor. Pv' is the pull of the implement upon the tractor. It 

is equal and opposite to Pv' and may be from a pull-type, mounted, or 

semimounted implement. Pz' and Px' are the vertical and horizontal compo¬ 
nents of .PJ . The distance y is the height above the ground at which P/ inter¬ 

sects the vertical line of action of Rr. Wt is the force of gravity on the tractor, 

acting through the center of gravity. 
Taking moments about C2 yields the following relation. 

Rrx\- Wtx2-Pz'x, -Px'y = 0 

-J + '.’+'vfe) 
from which 

(8.1) 
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Fig. 8.10. Vertical force relations for a tractor when pulling an implement at a uniform velocity 

on level ground. 

Taking moments about C] gives 

wt (x\ ~ xi) -P'x y - RfXi = 0 

from which 

These equations indicate that the effect of the implement pull is to add the 

vertical force P'z to the rear wheels and to transfer from the front wheels to 

the rear wheels a vertical force equal to P* y/x\, thus increasing the tractive 

ability. 

Instability of the tractor when the implement is in the raised or transport 

position is sometimes a limiting factor for rear-mounted equipment. Front- 

end masses may be needed to counterbalance heavy implements having long 

overhangs. Borchelt and Smith4 suggest that implements should be designed 

to produce moderately high lines of pull to provide maximum load transfer 

for good tractive performance, but not high enough to cause front-end 
instability. 

8.17. Horizontal Effects of Hitching. The trailing characteristics of a 

mounted tillage implement should be such that a reasonably uniform width 

of cut is maintained when operating around a curve (such as on a contour) 

without adversely affecting the tractor steering. If a rear-mounted imple¬ 

ment is not permitted any lateral movement with respect to the tractor, the 

implement will cut to the outside when operating on a curve and steering 

response may be poor because of the side forces introduced by the imple¬ 

ment. These effects are particularly objectionable with an implement such as 
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a plow. A laterally swinging hitch gives easier steering, but the implement 

ordinarily cuts to the inside on a corner as explained in the following 
paragraphs. 

Figure 8.11 shows the plan view of a mounted implement on a three-point 

hitch. The lower links converge toward the front and are free to swing 

laterally. With the tractor operating on a slight curve as indicated, M is the 

instantaneous center of rotation of the two lower links but is not a virtual 

hitch point. Because the line of action of the force in the top link does not 

pass through M, the sum of the forces in the three links lies along some line 

BH which passes between M and the tractor centerline. H is the horizontal 

center of the resistance of the implement and BH is the line of pull. /V is the 

pull of the implement upon the tractor and is in equilibrium with F\ h,F2h, 
and F$h. The direction of can be determined from the linkage geometry in 
the vertical and horizontal planes. 

A nondirectional implement (i.e., one that has little or no resistance to 

side forces) tends to move along the line of pull when the tractor is on a 

curve, the linkage adjusting itself so that BH is perpendicular to a radius 

drawn through H and the turning center for the tractor. The effect is the 

same as that of a trailed implement pulled from a point within the small area 

Aj on the tractor centerline. The implement cuts the corner more than it 
would if M were the virtual hitch point. The total amount of corner cutting is 

the distance from H to arc CD, as indicated in Fig. 8.11. 

Some implements, such as a moldboard plow or a cultivator equipped 

with a guiding coulter or fin, are directional. Within reasonable limits they 

tend to go in the direction in which they are pointed, rather than in the direc¬ 

tion of pull. In this case the implement is pulled toward the virtual hitch zone 

A2, representing the intersection of the implement centerline and the tractor 

Fig. 8.11. Trailing characteristics with horizontally converging pivotal links (three-point hitch) 

when operating around a curve. 
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centerline (Fig. 8.11), and the implement adjusts itself so A2H is perpen¬ 

dicular to the radius line through H. Since A2 is farther forward than Aj, a 

directional implement cuts the corner even more than an implement that is 

free to move in the direction of pull. 
For ideal trailing of any implement around a curve (no corner cutting), the 

horizontal hitch point (real or virtual) should be on the tractor centerline, 

equidistant from the center of resistance of the implement (H) and the center 

of pull of the tractor (D). On a side hill, however, where the rear of the trac¬ 

tor tends to slide downhill, the lateral position of the implement will be af¬ 

fected least when the hitch point is well forward on the tractor. A hitch point 

somewhat forward of the rear axle is also best in regard to ease of 

steering. Thus a compromise must be made to determine the best overall 

location for the horizontal hitch point for mounted implements. 

As indicated in Section 6.2, a semimounted moldboard plow has a rear 

wheel that is automatically steered in such a way that the rear of the plow 

follows around the tractor tracks on a turn. This arrangement provides good 

trailing around moderate curves in contour plowing, with less corner cutting 

than would be experienced with a comparable mounted plow. The direc¬ 

tional characteristics resulting from landside pressures limit the sharpness of 

curves on which the rear wheel can be effective when the curve is concave 

toward the plowed ground. 
8.18. Parallel-Link Hitches. Hitches with parallel links are used on most 

mounted row-crop cultivators because raising or lowering the gang or tool 

bar changes the depths of all shovels by the same amount and does not 

change the pitch of the shovels. Lateral rigidity of the hitch is important to 

permit cultivating close to plants. 
Depth of cultivation is sometimes controlled through the lifting 

mechanism (restrained-link operation) but free-link operation with gage 

Fig. 8.12. Vertical force relations for a parallel-link hitch operated as a free-link system. 
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wheels is common on wide tool bars and on multiple-gang cultivators. The 

virtual hitch point for free-link operation (Fig. 8.12) is at the intersection of 

the parallel links or, in other words, at infinity. Thus Pv with such a system 

must be parallel with the links, and the magnitude of Qv for given operating 

conditions can be changed by changing the slope of the links. Moving the 

gage wheel forward or backward has no effect on the magnitude of Qv. 
8.19. Load-Transfer Systems for Pull-Type Implements. The vertical-load 

transfer effects of rear-mounted implements have been mentioned in 

preceding sections. Load transfer with pull-type implements as a means of 

increasing the tractive ability of the larger tractors is equally important. 

Most major manufacturers now have such systems available. 

Basically, a load transfer system for pull-type implements has some sort 

of arrangement for applying a moment to the implement pull member which 

tends to lift the rear end of the pull member and the front of the implement. 

The pull member must be strong enough to withstand these forces. The ef¬ 

fect upon the tractor is similar to that with mounted implements, in that ver¬ 

tical load from the implement and from the tractor front wheels is 

transferred to the tractor drive wheels. This transfer tends to reduce the 

depth of some types of implements. The maximum acceptable amount of 

implement vertical-load reduction is influenced by soil conditions, imple¬ 

ment mass, implement type, and method of controlling or gaging depth. 

Tractor front-end stability and steering response may also be limiting fac¬ 

tors. 

Load-transfer systems currently available usually require some modifica¬ 

tion or additions to the implement pull member, plus mounting special 

devices on the tractor, usually on the three-point hitch. Some arrangements 

pull the implement from the lower links and utilize the lower-link draft sen¬ 

sor to vary the lifting force on the implement as the draft changes. The max¬ 

imum amount of load transfer is determined by the setting of the automatic 

draft control lever. Other systems pull from the regular tractor drawbar and 

exert a constant lifting force by means of an adjustable, constant hydraulic 

pressure applied to the rockshaft lift cylinder. 

Both types of hydraulic control systems provide flexibility for operation 

over uneven ground without any great change in the amount of load transfer. 

The automatic draft control adds vertical load to the drive wheels only as it 

is needed. The constant-pressure system provides load transfer for increased 

braking ability when pulling wagons or trailers. 
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PROBLEMS 

8.1. If the wheels in Fig. 8.3 are mounted on plain, grease-packed bearings with 63-mm- 

diameter bearing surfaces and the coefficient of friction of the bearings is 0.15, what must be the 

distance from the wheel centerline to the line of Q, to cause rotation of the wheel? Draw a free- 

body diagram of the wheel. Neglect the force of gravity on the wheel, but indicate all other 

forces and the point of contact between the axle and the hub. 

8.2. Determine the proper wheel tread for a tractor to pull a 4-bottom 36-cm moldboard 

plow without side draft. Assume rear tire width = 330 mm and clearance between the tire and 

the furrow wall = 25 mm. Show pertinent dimensions on a diagram. 

8.3. Take accurate measurements on a tractor having a moldboard plow attached through a 

three-point, converging-link hitch. 

(a) By graphical methods, determine the location of the virtual hitch point when the plow is 

operating at a depth of 15 cm, with a free-link system. 

(b) Locate the virtual hitch point when the front plow point is just touching the surface of the 

ground (as the plow starts to enter the ground). 

8.4. Assume that Pv = 9.9 kN in Fig. 8.7. Determine the force in the top link and the total 

force in the two bottom links, indicating whether tension or compression. Scale the dimensions 

and angles from the text and solve by graphical methods. Also determine the draft. 

8.5. Compare free-link operation with restrained-link operation, in regard to the effects on 

front and rear wheel loading of a tractor, for the conditions represented by Figs. 8.7 and 8.8. 

W and Rv for the implement are the same in both cases. For free-link operation, 7J = 9.9 kN at 

a slope of 11° and y (Fig. 8.10) is 150 mm. For restrained-link operation, R = 10.15 kN at 25° 

and y = 71 cm. The effective wheelbase of the tractor (xi in Fig. 8.10) is 2.03 m. 



Chisel-type and Multipowered 
Tillage Implements 

9.1. Introduction. Chisel plows and subsoilers are basic primary-tillage 

implements. Field cultivators may also be chisel-type implements, 

depending upon the type of tooth or shovel employed in a particular applica¬ 

tion. Chisel points and sweeps are common. Field cultivators are used 

primarily for weed control, seedbed preparation, and other secondary tillage 

operations. Although the discussion on chisel-type implements in this chap¬ 

ter relates primarily to chisel plows and subsoilers operating in firm soil, 

some of the principles and effects are applicable to field cultivators. 

Multipowered implements are of particular interest because present-day 

tractors develop more power than they can transmit efficiently to a high- 

draft implement through the tires without adding extra mass. One method of 

reducing the total mass requirement and the resulting adverse effects of soil 

c om paction is to transmit at least a portion of the power directly to the soil- 

engaging elements through nontractive means such as the PTO. 

Engine power is transmitted more efficiently through the PTO than 

through the wheels. Therefore, if forces could be applied to the soil at least 

as efficiently through mechanically moving elements as through passive ele¬ 

ments, the total energy requirements could be reduced. Present-day mul¬ 

tipowered implements often require more power than passive tools, but 

some types provide a greater degree of soil breakup than do comparable 
passive tools. 

This chapter also includes consideration of soil mixing, because rotary 
tillers are often used in this operation. 

9.2. Chisel Plows and Subsoilers. These implements are used to break 
through and shatter compacted or otherwise impermeable soil layers and to 

improve rainfall penetration. The most effective results are obtained when 

the soil is dry. Subsoilers have one or more heavy standards that can be 

operated at maximum depths of 45 to 75 cm [18 to 30 in.] or more. Chisel 

plows have a series of standards usually spaced about 30 cm [12 in.] apart 

and equipped with replaceable narrow shovels or teeth. The standards may 

be rigidly mounted or spring-cushioned, or may have spring trips. Chisel 

plows can be operated at depths well below the normal plowing zone if any 

impervious layer that may be present is relatively thin. 

Under adverse soil conditions, or when it is desirable that the soil not be 

inverted, chisel plows are sometimes employed for primary tillage in place of 

195 
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moldboard plows or disk implements. Since chisel plows do not pulverize the 

soil as much as moldboard plows, a greater number of subsequent opera¬ 

tions may be needed to obtain a good seedbed after chiseling. 

9.3. Effect of Shape upon Soil Forces. Lift angle and the slope of the stan¬ 

dard have a marked effect upon draft and the vertical soil force V. Lift angle 

is defined as the angle between the face of the tool and the horizontal (Fig. 

9.1). Shattering is accomplished with the least effort when the tool exerts an 

upward shearing force on the soil, rather than a longitudinal, compressive 

force. Tests have indicated that the draft decreases as the lift angle is 

decreased, at least down to an angle of 20°.30,31 Tanner31 found that a flat- 

plate tine 51 mm [2 in.] wide had a substantial downward component of soil 

force V when the lift angle was 20°, but an upward V when the lift angle was 

greater than 60 to 75°. He observed that when the lift angle was greater 

than 50° a stationary cone of compacted soil remained at the tip, increasing 

in size as the lift angle was increased. Nichols and Reaves22 observed a 

similar formation on the point of a subsoiler having a vertical standard. 

Although a 20° lift angle and 20° slope of the standard would be good 

from the standpoints of a low draft and a large downward V, such a design 

would not be feasible for deep operation because of the length and forward 

extension of the tool. Also, the degree of soil breakup might not be adequate. 

A practical compromise is to have a curved standard, as indicated in Fig. 

9.16, with the slope increasing from 15 to 20° at the tool point to 90° or less 

at the ground surface. 
The best shape of the tool is related to the operating depth. All of the three 

shapes in Fig. 9.1 would have about the same draft and V at the shallow 

depth indicated. When operating at the medium depth, shape a would have a 

greater draft than b or c because of the effect of the vertical portion below 

the ground surface. At the greatest depth shown, the forward curve of the 

upper part of shape b would exert a downward force on the soil, thus causing 

its draft to be greater than that of shape c. 
The effect of shape upon draft is illustrated quantitatively by results ob¬ 

tained by Nichols and Reaves22 with the three subsoilers shown in Fig. 9.2. 
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When operated 36 cm [14 in.] deep in a highly compacted clay soil, the 

straight-standard tool had a draft of 12.4 kN [2790 lbf]. The moderately 

curved subsoiler had 16% less draft than the straight tool but only 1% more 

than the tool with the most curve. In another comparison, tilting the straight 

standard backward 15° from vertical reduced the draft 12% and using a 

curved standard reduced it 28%. 

Fig. 9.2. Three shapes of subsoilers compared in draft tests. (M. L. Nichols and C. A. 

Reaves.22) 

9.4. Effect of Depth and Speed upon Draft of Chisel-Type Implements. 

Results obtained by various investigators are not consistent in regard to the 

effect of depth upon specific draft. It is likely that the effect of depth is in¬ 

fluenced by the tool shape and orientation, soil type, and soil condition. The 

results indicate a general tendency for a moderate increase in specific draft 

as depth is increased in firm soils. 
Most of the available data on the effects of speed is for flat-plate tines at 

low speeds and is not very meaningful in relation to field operation. Payne,25 

however, conducted tests up to 9.6 km/h [6 mph] with vertical, flat-plate 

tines. In 3 soil types the draft increase between 4.8 and 9.6 km/h [3 and 6 

mph] was 11 to 16%. Reed27 conducted tests with 2 field cultivators 
(probably having sweep-type shovels) in 2 loam soils and found an increase 

of 4 to 13% between 4.8 and 9.6 km/h [3 and 6 mph], McKibben and Reed21 

reported results for a subsoiler at speeds from 4 to 14.5 km/h [2Vi to 9 mph] 

that can be fitted with an equation of the same form as equation 6.2 (Section 

6.22) but with constants of 0.944 and 0.0024 [0.944 and 0.0062], The draft 

increase between 4.8 and 9.6 km/h was 16%. 

Tool surface area, lift angle, depth, and soil condition undoubtedly in¬ 

fluence the magnitude of the speed effect for chisel-type implements. In 

some cases a linear relation between draft and speed can be assumed over a 

limited range of speeds. 

9.5. Vibratory or Oscillatory Tillage*. There has been a considerable 

The terms vibratory (or vibrating) and oscillatory (or oscillating) are used interchangeably 

in research reports and in this text. 
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amount of research on vibratory tillage, the primary incentives being the 
potentialities of this system for reducing draft, improving the overall energy 
utilization efficiency in soil breakup, and providing some control over the 
degree of pulverization. Draft reduction is especially desirable with high- 
draft implements such as subsoilers. Gunn and Tramontini11 did some of the 
pioneering work with oscillating tillage tools in the early 1950s, but most of 
the research in this area has been reported since 1957. Reference 32 presents 
a comprehensive review of published research results pertaining to vibratory 
tillage. Less extensive summaries are included in references 10 and 19. 

Much of the research has been with simple, plane-surface tools, usually in 
laboratory soil bins. However, field tests have been conducted with full-size 
tillage tools such as subsoilers and moldboard plows. Oscillating subsoilers 
have been manufactured and sold in the United States. 

Operating parameters for a vibratory tillage system include travel speed, 
oscillation frequency, amplitude, direction and pattern of oscillating motion, 
tool shape, tool lift angle, and soil physical characteristics. Several in¬ 
vestigators have reported good correlation between draft reduction and 
parameters of various forms that reflect the ratio of travel speed to os¬ 
cillating velocity. Another parameter that has been employed is cycles per 
unit of travel distance, which includes the effects of travel speed and fre¬ 
quency but not amplitude. 

9.6. Effects of Oscillating Tillage Tools. Research results indicate that, 
with appropriate combinations of values for the above parameters, draft re¬ 
quirements can be reduced by as much as 50 to 75% in comparison with non- 
oscillated tools. Soil breakup is also improved by tool oscillation.32 The ef¬ 
fects reported for various parameters vary widely, but in general it has been 
found that draft reduction is increased by increasing the vibration velocity 
and is decreased by increasing travel velocity. 

The effects of frequency and amplitude tend to diminish rapidly as their 
values are increased beyond optimum values. Several investigators found 
that the effects of vibration were most pronounced at frequencies that 
resulted in a forward travel per cycle which was about equal to, or slightly 
less than, the spacing of natural shear planes caused by a nonoscillating 
tool.32 This relation would make the optimum frequency a function of soil 
physical characteristics. Frequencies in most tests have been from 10 to 50 
Hz (cycles per second). Zero-to-peak amplitudes from 2.5 to 13 mm [0.1 to 
0.5 in.] were common. 

Although oscillation of tillage tools has reduced draft, there has usually 
been very little reduction in total energy requirements, and sometimes a sub¬ 
stantial increase. Oscillation conditions that cause large reductions in draft 
are usually not the best in regard to total energy requirements. For example, 
tests with hoe-type simple tools in a soil bin32 indicated a total energy in¬ 
crease of 150 to 200% when the tools were oscillated in such a manner as to 
reduce the draft by 80% in comparison with no oscillation. But with a com- 
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bination of frequency and amplitude that reduced the draft only 40 to 50%, 

the total energy was about equal to that for the nonoscillating condition. 

Total-energy comparisons reported by various investigators are con¬ 

tradictory in many cases. Gunn and Tramontini" conducted field tests with 

a simple, inclined blade like a subsoiler, operating 19 cm [IVi in.] deep, and 

found a slight reduction in total energy when the tool was oscillated horizon¬ 
tally. Verma32 cites one report on a subsoiler test in which vibration reduced 

the total energy requirements by 35% and another subsoiler study in which 

the draft was reduced by 20 to 40% but with no reduction in total energy. 

Wismer and his associates34 report subsoiler tests in which vertical oscilla¬ 
tion usually increased the total energy requirements. 

Eggenmuller7 oscillated the share and the entire moldboard of a plow bot¬ 

tom in opposition to each other. He tried only one combination of oscillating 

directions, which he selected on the basis of previous experience with simple 

tools. With an amplitude of 9 mm [0.35 in.] and a frequency of 20 Hz, the 

draft was 50 to 60% less than with no oscillation, but the total energy re¬ 

quirement was 30 to 40% greater. Other investigators14 vibrated the share 

and lower portion of the moldboard “in the direction of the resulting soil 

reaction,” using an electromagnetic vibrator. At 4.8 km/h [3 mph] and 50 

Hz, the draft was reduced 28% and the total energy was reduced 20%. At 6.4 

km/h [4 mph], vibration caused no decrease in draft and increased the total 
energy. Eggenmuller probably wasted most of the energy used to vibrate the 

upper portion of the moldboard, and he may not have had the optimum 
direction of oscillation. 

9.7. Principles of Vibratory Tillage. Research efforts reported prior to 

1970 have not provided a complete understanding of the principles involved 

in vibratory tillage and the reasons for observed draft reductions. There is 

evidence indicating that vibration causes physical changes to take place in 

the soil that tend to reduce the shear strength.32 As indicated in Section 9.6, 

the natural period of soil shearing by a nonoscillating tool seems to have an 

important effect. 

Boyd and Nalezny3 developed a mathematical model for a horizontally 

vibrating blade in which a spring represented the elasticity of the soil and 

blade. Velocity and dynamic effects were neglected. Soil-bin test results in a 

silty sand at a speed of 0.18 km/h [0.11 mph] checked well with calculated 

results. 

Eggenmuller6 concluded from an analysis and laboratory tests that for 

rpaximum draft reduction a tillage tool should be oscillated in such a manner 

that there is a definite separation of the cutting and soil-lifting operations to 

minimize soil-metal friction, as illustrated in Fig. 9.3. In this example, the 

tool is pivoted at a point above and somewhat ahead of the cutting edge so 

that on its forward stroke the cutting edge moves downward along path A B. 
If the forward motion of the implement frame during one cycle is slightly 

less than the oscillation amplitude, the cutting edge on its return stroke will 
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Fig. 9.3. Idealized operation of an oscillating tillage tool, (a) Separation and upward accelera¬ 

tion of the soil; (b) soil lifted from tool by inertia, at the beginning of the cutting stroke; (c) end 

of cutting stroke. (A. Eggenmuller.6) 

move slightly rearward with respect to the earth, along BC. 
The shearing action takes place on the return stroke (Fig. 9.3a). Since 

there is little or no forward motion of the tool during this operation, the 

energy for shearing, lifting, and accelerating the soil upward does not con¬ 

tribute to the draft. The upward motion of the soil, plus the fact that the soil 

is loose, minimizes the friction against the upper surface of the tool during 

its forward stroke (between Fig. 9.3b and 9.3c). The tool makes the new cut 

at a flat angle with very little lifting of the block being cut. If the relation 
between the oscillation angle, the tool lift angle, and the forward travel per 

cycle is correct, there will be adequate clearance beneath the tool body. In 

this idealized situation, the principal draft requirements are to overcome 

cutting resistance and the minimal frictional forces of the newly cut soil 

sliding on the upper surface of the tool. 
The wide variation in experimental results regarding the effect of oscilla¬ 

tion upon total energy requirements suggests that much more research and 

analysis is needed to determine the most efficient manner of applying energy 

to the soil through the vibratory mode. The fact that appreciable reductions 

in total energy have been obtained under certain conditions should provide 

incentive for further work. 

Velocity-displacement relations heretofore have been basically sinusoidal. 

Other patterns might be more effective. Perhaps the return motion should be 

different from the forward motion. The application of energy through sonic 

waves is said to have intriguing possibilities in the construction industry for 

cutting through rocks and hard earth.32 The use of sonic waves may be 

worthy of investigation in relation to soil tillage. 

9.8. Multipowered Rotating Tillage Tools. Many different configurations 

and arrangements, including vertical-axis units, longitudinal-axis units, and 

transverse-axis units, have been used for multipowered rotating tools. The 

most common type consists of blades attached to flanges along a horizontal 

shaft that is perpendicular to the direction of motion. This arrangement is 
identified herein as a conventional rotary tiller. 

Vertical-axis powered rotary tillage machines, developed in Europe, were 
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Fig. 9.4. Basic arrangement for a vertical-axis rotary tiller. Gears on the upper ends of the 

rotor shafts transmit power from one rotor to the next and provide counter rotation of adjacent 

rotors. 

introduced into the United States in about 1970. These machines have a 

series of two-tine vertical rotors across the width of the machine. The tine 

paths of adjacent rotors overlap, as indicated in Fig. 9.4. Vertical-axis 

machines are comparable with horizontal-axis rotary tillers in regard to soil 

pulverization and power requirements, but do not work well in loose surface 

trash.5,24 They are intended mainly for secondary tillage, as in final seedbed 

preparation. 
Rotary spading machines have been employed in Europe for a number of 

years. A spading machine has a transverse, powered rotor with spades at¬ 

tached to arms mounted on it. The spades dig in from the front, cut soil sec¬ 

tions loose, and lift them at the rear. In one type of spading machine, each 

blade tilts when the soil section has been partially lifted, causing the lump of 

soil to fall off. In another type the spades are on fixed arms and the soil is 

pushed off of them by stationary retainers at the rear. Spading machines are 

comparable to moldboard plows in regard to soil pulverization and energy 

requirements.5 Like rotary tillers, they obtain most or all of their energy 

from the tractor PTO. Mechanical complexity and lack of durability are 

problems. Trash coverage is poor. Forward speeds are limited to about 2 

km/h [l'/4 mph].24 They are said to work best in heavy soils. 

Moldboard plows, on which the rear portions of the moldboards are re¬ 

placed with powered rotors, have been produced commercially in the United 

States and in Europe.2 The rotors usually have teeth to assist in soil 
pulverization. Draft is less than for a conventional moldboard plow,23 but 

total power requirements are greater.2 Soil pulverization under some condi¬ 

tions can be adequate for a final seedbed but is unsatisfactory in dry, com¬ 

pact soils. Trash coverage is poor, and the driven rotors make this imple¬ 

ment more complex and expensive than conventional plows. Plows on which 

most or all of the moldboard is replaced with belts or rollers have also been 
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developed, a primary objective usually being to improve scouring (Section 

6.13). 
9.9. Conventional Rotary Tillers. Swiss-made rotary tillers were in¬ 

troduced into the United States in about 1930, and soon afterwards several 

American manufacturers started making this type of equipment.17 Early 

models were primarily small, garden-type units. Currently, a number of 

manufacturers have heavy-duty tractor-mounted or pull-type units for open- 

field work with widths ranging up to 4 m [13 ft] or more. Tractors for these 

units, when used for primary tillage, should have about 0.3 maximum 

available PTO kilowatts per centimetre of tilling width [one horsepower per 

inch of width]. 
The use of rotary tillers for primary tillage in open-field work is still 

rather limited in the United States, principally because of the high power re¬ 

quirements and excessive soil pulverization. The high degree of pulveriza¬ 

tion, although not desirable for root beds, does make either conventional or 

vertical-axis rotary tillers good for seedbed strip tilling and for preparing 

precision-shaped, raised beds for planting. Conventional rotary tillers are 

good for cutting up vegetative matter and mixing it throughout the tilled 

layer, but coverage is not as complete as with a moldboard plow. They are 

also effective for mixing chemicals into the soil and for cultivation in certain 

row crops. Rotary tillers are widely used for rice in Japan16 and other Asiatic 

countries. Rice paddies in these countries are often “puddled” by means of 

underwater rotary tillage. 

Fig. 9.5. (a) Three views of an L-shaped blade for a conventional rotary tiller; (b) curved blade; 

(c) paths of cutting edges or tips for 2 blades 180° apart, in relation to forward travel. 

Many types and shapes of blades have been developed, but hoe-type 

blades such as the one shown in Fig. 9.5a appear to be superior to other types 

in most respects and are widely used. L-shaped blades are better than hook¬ 

shaped or pick-type (pointed) blades in trashy conditions, they are more ef¬ 

fective in killing weeds, and they do not pulverize the soil as much.1 Varia¬ 

tions of the hoe type have gradual curves (Fig. 9.5b) or larger-radius bends 

for special situations such as operating on the sides of plant beds. Straight, 

nearly-radial blades with the narrow edges of thin rectangular cross sections 
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facing the direction of motion are sometimes employed on mulchers 
designed primarily for secondary tillage. 

The rotor usually rotates in the same direction as the tractor wheels, 
although reverse rotation has been investigated by various workers. Each 
blade cuts a segment of soil (Fig. 9.5c) as it moves downward and toward the 
rear. Most rotary tillers make either 2 or 3 cuts per revolution (along any 
one longitudinal line). The bite length Fis defined as the amount of forward 
travel per cut. The slice thickness varies during the cut, and the cutting force 
also varies. Vinogradov and Leont 'ev33 have analyzed the forces acting upon 
a blade and have measured force in relation to time during a single cut. They 
also observed the cutting action with high-speed motion pictures. 

Because of the high peak torques developed during each cut, it is impor¬ 
tant to stagger the blades in the different courses, with equal angular dis¬ 
placements between them, so no two blades strike the soil at the same time.10 
The stagger pattern should be approximately symmetrical about the 
longitudinal centerline. 

The useful soil force on a forward-rotating rotary tiller has an upward 
component V and a forward-acting component L. The relative magnitudes 
of these components are influenced by many factors, including depth, rotor 
diameter, bite length, soil type and condition, type of blade, and share 
clearance angle (Fig. 9.5a). The upward component reduces the amount of 
implement gravitational force that must be supported by gage wheels or the 
tractor; under some conditions it causes the rotor to “walk out” of the 
ground. Furlong,9 in tests with several shapes of hoe-type blades on a rotor 
having a width of 0.61 m [24 in.] and a diameter of 46 cm [18 in.], found that 
upward forces varied widely, increased rapidly with depth, and averaged 
over 4.4 kN [1000 lbf] for a 15-cm [6-in.] depth in a silt loam. 

The forward component results in a negative draft and negative specific 
energy requirement for traction, both increasing in magnitude with in¬ 
creased bite length (Fig. 9.1b). The forward thrust from the negative draft 
can be troublesome in regard to tractor stability and design.34 In Furlong’s 
tests with various blades, the negative power requirement represented by the 
forward thrust was usually less than 7% of the rotor power when the bite 
length was 5 cm [2 in.] but amounted to 20% of the rotor power when the 
bite length was 15 cm [6 in.]. 

9.10. Pulverization Effects and Energy Requirements of Conventional 

Rotary Tillers. Bite length, depth of cut, rotor speed, blade shape, soil type, 
.and soil condition are important parameters that can affect the degree of 
pulverization and the specific-energy requirements. As previously men¬ 
tioned, excessive pulverization under some conditions, and high power re¬ 
quirements, are major problems that have limited the application of rotary 
tillers for overall primary tillage operations. 

Frevert8 found a considerable increase in clod size between bite lengths of 
4.0 and 8.1 cm [1.6 and 3.2 in.], but no appreciable increase at greater bite 
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Particle size, millimetres 

Fig. 9.6. Soil particle-size distribution resulting from various tillage treatments applied to 

clover stubble on a silt loam soil having a moisture content of 28%. (R. K. Frevert.8) 

lengths (Fig. 9.6). His results indicated that even with a bite length of 15 to 
23 cm [6 to 9 in.] the degree of pulverization was as great as obtained by the 
successive use of a moldboard plow, a disk harrow (twice over), and a spike- 
tooth harrow. It should be noted that his blade shape differed somewhat 
from the L shape currently prevalent. Furlong9 found an increase in clod size 
between 5-cm and 15-cm [2-in. and 6-in.] bite lengths when the depth was 5 
cm or 10 cm [2 in. or 4 in.] but no change when the depth was 15 cm [6 in.]. 
Other investigators have found little effect of bite length upon clod size, 
or a moderate increase. Thus, although it is generally recognized that in¬ 
creasing the bite length tends to reduce pulverization, the effects in a specific 
situation seem to be influenced by other factors. 

Hendrick and Gill12 have analyzed and summarized the results of various 
research studies involving conventional rotary tillers. They concluded that 
there is no consistent relation between depth of cut and the degree of 
pulverization, but suggest that hood and shield shape can have significant ef¬ 
fects on the soil breakup. Results included in their report show that clod size 
may be reduced somewhat by increasing the rotor speed and forward speed 
proportionately (constant bite length). 

Bite length is one of the important factors affecting power requirements. 
Increasing the bite length by either increasing the forward speed or decreas¬ 
ing the rotor speed reduces the specific-energy requirements as illustrated in 
Fig. 9.7, until the bite length becomes so great that there is insufficient 
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(a) (b) 

Fig. 9.7. Effect of bite length upon specific-energy requirements for a conventional rotary tiller. 
The indicated units of specific energy correspond numerically to 10 times the specific draft of 
plows expressed in newtons per square centimetre, (a) — (R.K. Frevert.8), (b) — (data from 

D.B. Furlong.9) 

clearance on the back side of the blade. PTO-driven rotary tillers usually 
have rotor speed-change arrangements to permit some choice of bite length 
for a particular situation. 

If the rotor speed and forward speed are increased proportionately, the 
specific-energy requirement usually increases. This effect is shown by the 
spread of points for a 7.6-cm [3-in.] bite length in Fig. 9.1a and by the dif¬ 
ferences between the two curves in Fig. 9.1b. Richardson28 found a substan¬ 
tial effect of speed in 1955 field tests but only a small effect in 1956 tests in 

the same field. 
Energy requirements are influenced by the ratio of the depth to the rotor 

diameter. Increasing the diameter for a given depth of cut makes the slices 
thinner, which should tend to reduce the energy requirements, but also 
makes the cutting paths longer (more friction energy). The combined effect 
of these factors is to cause a reduction of specific energy to a minimum value 
as the depth is increased to about 70 to 75% of the diameter.12 

Note that even the lowest rotor specific-energy requirement shown in Fig. 
9.1a was about three times as great as for a moldboard plow in the same soil. 
However, the additional energy and cost for disking and harrowing after 
plowing must be included to give a fair comparison, and the rotary tiller 
should be credited with the increase in fuel efficiency obtained when a trac¬ 
tor transmits power through the PTO rather than through the wheels. Also, 
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the power represented by the forward thrust of the tiller must be subtracted 

from the rotor power to obtain the net input. Although the negative specific 

energy from thrust can be substantial for long bite lengths (lower curve in 

Fig. 9.1b), many investigators do not even measure thrust. 

Some attention has been given to combination implements in which 

chisels or other fixed (passive) tools are attached to the rear of a conven¬ 

tional rotary tiller and operate directly beneath the rotor. The rotor 

pulverizes the upper portion of the tilled layer and the fixed tools loosen the 

lower portion, leaving it in a less pulverized condition than the upper layers. 

The chisels help cancel the rotor’s negative draft and its upward V. The 

average specific-energy requirement for the entire tilled depth is con¬ 

siderably less than for rotary tillage to the full depth.2 

9.11. Mixing Chemicals into the Soil. In some cases fertilizers, pesticides, 

or other chemicals are broadcasted onto a field and then mixed in by means 

of one or more tillage operations. Another common practice is incor¬ 

porating pesticides in narrow bands prior to planting row crops. Uniform 

distribution in the proper depth zone is particularly desirable when incor¬ 

porating herbicides, in order to obtain good weed control without applying 

excessive amounts of expensive materials and without producing concentra¬ 

tions that might later injure crop plants. 

Several investigators have compared the mixing characteristics of dif¬ 

ferent kinds of tillage implements.13,26 Hulburt and Menzel13 found that in 

either a well-pulverized soil or a previously untilled field, twice over with a 

conventional rotary tiller gave excellent uniformity throughout the 15-cm [6- 

in.] depth. After only one pass, however, there was considerably more of 
the added material in the top 5 cm than in the next 5 cm, and only a small 

amount below 10 cm. Rotary tilling gave better results than disking 2 or 3 

times, spring-tooth harrowing, plowing, or combinations of these opera¬ 
tions. 

Matthews20 tested 7 commercially available devices designed to incor¬ 

porate chemicals in bands 18 to 36 cm [7 to 14 in.] wide. Descriptions are 
not given but it is probable that most or all of these were ground-driven, 

rotating devices. In most cases, at least 75% of the material was in the top 

one-third of the 7.6-cm [3-in.] tillage depth and lateral uniformity was poor. 

The effects of various parameters upon the performance of conventional 

rotary tillers for band incorporation have been studied. L-shaped blades 

gave better lateral and vertical distribution than slightly curved knife-type 
blades.29 Bite lengths of 2.5 to 5 cm [1 to 2 in.] were better than longer 

bites.15,29 With simulated L-shaped blades 38 mm [IV2 in.] wide, increasing 

the share clearance angle (Fig. 9.5a) from 15° to 60° improved vertical dis¬ 

tribution when the tilling depth was 13 cm [5 in.]15 

Carter and Miller4 found that with L-shaped blades operating 5 cm [2 in.] 
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deep the best mixing was obtained when the blade peripheral velocity was 3 

to 6 times the forward velocity, regardless of rotor diameter. Changing 

relative velocities (peripheral minus forward) between 120 and 240 m/min 

[400 and 800 ft/min] had little effect upon uniformity, but results were 

poorer with relative velocities either lower or higher than this range. L- 

shaped blades placed 40% of the material below a 3-cm [1.2-in.] depth in 

this velocity range, whereas rotors with 25-mm [1-in.] angle irons parallel to 

the axis put 60% deeper than 3 cm. 
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PROBLEMS 

9.1. Compare the energy requirements for rotary tilling to a depth of 15 cm and the total 

energy required for preparing a seedbed by plowing to the same depth with a moldboard plow, 

disking twice with a light-duty tandem disk harrow, and then finishing with a spike-tooth 

harrow. For the rotary tiller take F = 22 cm with an energy requirement of 124 kJ/m3 of tilled 

soil (from Fig. 9.1a). The specific draft of the moldboard plow in the same soil was about 4.8 

N/cm2 at 4 to 5 km/h. Assume the draft per metre of width is 2.2 kN for the.disk harrow and 

0.6 kN for the spike-tooth harrow. 

9.2. A 2.5-m rotary tiller is mounted on a tractor having a maximum PTO rating of 78 kW. 

The tillage depth is to be 15 cm and the tractor is to be loaded to 75% of its maximum rating. If 

the energy requirements are represented by the lower curve in Fig. 9.1b, what would be the 

forward speed under the following conditions? 

(a) Bite length = 15 cm (rotor specific energy = 131 kJ/m3 and tractive energy = 

-21 kJ/m3). 

(b) Bite length = 7.5 cm (rotor specific energy = 180 kJ/m3 and tractive energy = 

-7 kJ/m3). 
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Crop Planting 

10.1. Introduction. Crop planting operations may involve placing seeds or 
tubers (such as potatoes) in the soil at a predetermined depth, random scat¬ 
tering or dropping of seeds on the field surface (broadcasting), or setting 
plants in the soil. Machines that place the seed in the soil and cover it in the 
same operation create definite rows. If the rows or planting beds are far 
enough apart to permit operating machinery between them for intertilling or 
other cultural operations, the result is known as a row-crop planting; 
otherwise, it is considered to be a solid planting. Thus, grain drilled in rows 
15 to 36 cm [6 to 14 in.] apart is a solid planting, whereas sugar beets, with 
rows commonly 51 cm [20 in.] apart, are grown as a row crop. 

With appropriate planting equipment, seeds may be distributed according 
to any of the following methods or patterns. 

1. Broadcasting (random scattering of seeds over the surface of the field). 
2. Drill seeding (random dropping and covering of seeds in furrows to 

give definite rows). 
3. Precision planting (accurate placing of single seeds at about equal in¬ 

tervals in rows). 
4. Hill dropping (placing groups of seeds at about equal intervals in 

rows). 

Solid planting is generally done by one of the first two methods, whereas 
row-crop planting may involve any of the methods except broadcasting. 

10.2. Row-Crop Planting Systems. Planting may be done on the flat sur¬ 
face of a field, in furrows, or on beds, as illustrated in Fig. 10.1. Furrow 
planting (or lister planting) is widely practiced under semiarid conditions for 
row crops such as corn, cotton, and grain sorghum because this system 
places the seed down into moist soil and protects the young plants from wind 
and blowing soil. Bed planting is often practiced in high-rainfall areas to im¬ 
prove surface drainage. Flat planting generally predominates where natural 

moisture conditions are favorable. 
A variation of furrow planting provides a flat plateau perhaps 7.5 cm [3 

in.] high and 25 cm [10 in.] wide in the bottom of the furrow.21 The advan¬ 
tages mentioned above for furrow planting are retained and, in addition, the 
small furrows beside the plateau keep water from standing on the row or 
washing soil onto the row if a heavy rain occurs. 

Minimum-tillage planting systems are discussed in Section 5.4. These in¬ 
clude strip tillage, the “no-tillage” system which is actually narrow-strip 

209 
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Bed planting, two rows per bed 

Fig. 10.1. Various types of surface profiles for row-crop planting. 

tillage), lister planting, till-and-plant combinations following plowing or 

other primary tillage, and planting in wheel tracks immediately after plow¬ 

ing. These systems are sometimes employed with crops such as corn, soy¬ 
beans, and sorghum. 

Bed planting is common for certain types of row crops in irrigated areas. 

With close-spaced row crops such as sugar beets, lettuce, and certain other 

vegetable crops, two or more rows are sometimes planted close together on a 

single bed (Fig. 10.1), thereby leaving more width in the spaces between beds 

for the operation of equipment. For example, beds might be on 102 or 107- 

cm [40 or 42-in.] centers, with 2 rows 30 to 40 cm [12 to 16 in.] apart on each 
bed. 

Combination bed-shaping and planting units are sometimes used for 

vegetables, sugar beets, and other similar crops in irrigated areas. A unit of 

this type might simultaneously pulverize the seedbed strip with a rotary 

tiller, incorporate pesticides, form the bed to a Firm, flat-top shape, apply 

fertilizers, and plant the seed. Sled runners between the beds guide and sup¬ 

port the implement while it is in operation, thus minimizing height varia¬ 

tions. The result is an overall precision operation in which the seeds and 

chemicals are accurately placed at specific locations with respect to each 

other and with respect to the top and sides of each bed. If the relationships 

have been properly selected, results should be better and more uniform than 
from separate operations. 

Tests in Texas with cotton have shown that precision shaping of flat-top 

beds, followed by planting at a uniform depth after the beds have been set¬ 

tled by spring rains, resulted in a substantial improvement in yield unifor¬ 

mity and increased total yields.28 Cone-shaped guide wheels running against 
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the sides of the beds (Fig. 11.8) provided accurate centering of the planting 

units. Subsequent use of these guide wheels on a cultivator permitted close 

cultivation at relatively high forward speeds. 

10.3. Plant Population and Spacing Requirements. The primary objective 

of any planting operation is to establish an optimum plant population and 

plant spacing, the ultimate goal being to obtain the maximum net return per 

hectare. Population and spacing requirements are influenced by such factors 

as the kind of crop, the type of soil, the fertility level of the soil, the amount 

of moisture available, and the effect of plant and row spacing upon the cost 

and convenience of operations such as thinning, weed control, cultivation, 

and harvesting. 

With many crops, such as corn, there is a fairly narrow range of plant 

populations that will give maximum yields under a particular combination 

of soil and fertility conditions, the optimum number of plants per hectare in¬ 

creasing as the productivity of the soil is increased. For other crops, such as 

cotton and the small grains, there appears to be a rather wide range of plant 

populations over which yields do not vary appreciably, the principal require¬ 

ment from the yield standpoint being to keep the number of plants per hec¬ 

tare above some minimum value. 

Most crops can tolerate moderate variations in uniformity of plant spac¬ 

ing in the row without seriously affecting yields, provided the average pop¬ 
ulation density (or land area per plant) is within the optimum range. 

Uniform spacing is important with certain crops, however. Uniform spacing 

of corn plants along the row becomes increasingly desirable as yields are in¬ 

creased. For a given plant population per hectare, reducing the row spacing 

and having plants farther apart in the row has increased yields in comparison 

with the conventional 102-cm [40-in.] row spacing.19 Uniform spacing of 

single plants is needed for crops such as lettuce, sugar beets, onions, and 

carrots, because of the space needed for development of the usable portion of 

the plant. 

Factors other than yield are sometimes of considerable importance in es¬ 

tablishing the best population or spacing for a particular crop and set of con¬ 
ditions. In upright crops, increased populations may increase the tendency 

for stalks to lodge or break, which is undesirable from the harvesting 

standpoint. On the other hand, increasing the plant population for cotton 

usually tends to raise the height of the lowest fruiting nodes, which is an aid 

to mechanical harvesting. Narrow row spacings in corn or cotton may in¬ 

crease yields but they also increase the costs of planting and cultivating and 

require changes in the design of harvesting equipment. 
Cotton and corn are sometimes planted in hills, especially under condi¬ 

tions where surface crusting is likely to be a problem. The mutual reinforce¬ 

ment from a compact group of seedlings increases the crust-penetrating 

ability. 
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10.4. Functions of a Seed Planter. With the exception of broadcasters, a 

seed planter is required to perform all of the following mechanical functions. 

1. Open the seed furrow to the proper depth. 
2. Meter the seed. 

3. Deposit the seed in the furrow in an acceptable pattern. 

4. Cover the seed and compact the soil around the seed to the proper 
degree for the type of crop involved. 

The planter should not damage the seed enough to appreciably affect ger¬ 

mination. The seed should be placed in the soil in such a manner that all the 

factors affecting germination and emergence will be as favorable as possible. 

Since timeliness is of extreme importance in the majority of planting opera¬ 

tions, it is desirable that a planter be able to perform these functions ac¬ 
curately at fairly high rates of speed. 

The primary function of a broadcaster is to meter the seed and distribute 

it with reasonable uniformity over a given width of land. Covering is a 
separate operation or is omitted entirely under some conditions. 

10.5. Factors Affecting Germination and Emergence. Important factors 

that affect germination and emergence include the viability of the seed (per¬ 

cent germination under controlled laboratory conditions), soil temperature, 
availability of soil moisture to the seeds, soil aeration, and mechanical im¬ 

pedance to seedling emergence (i.e., the resistance of the soil to penetration 

by the seedling). These are influenced by the soil type, the physical condition 

of the soil, the depth of planting, the intimacy of contact between the seeds 

and the soil, the degree of compacting of the soil above the seeds, and forma¬ 

tion of surface crusts after planting. Final field stand is also influenced by 

post-emergence losses due to diseases, insects, and adverse environmental 
conditions. 

Field emergence rates of 80 to 90% are typical for corn and other crops 

that tolerate a fairly wide range of planting conditions. In such cases 

planting the proper amount of seed to obtain the desired final stand is not a 

serious problem. With sugar beets and many of the smaller-seed vegetable 

u°Wever’ field emer§ence is so low and unpredictable (often only 35 to 
50%) that it is customary to plant a considerable excess of seed and then thin 
as required to obtain the desired stand. 

10.6. Effects of Planter or Planting System upon Emergence Factors. It 

should be apparent that planter performance cannot control all the factors 

involved in emergence. But the planter can have an important influence on 

many of these factors, and good planter performance is essential for obtain¬ 

ing an adequate stand with crops whose emergence is critical. Precise depth 

control placement of seeds into moist soil, and noncrusting conditions 

above the seeds are important for small-seed vegetables and some other 
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Packing of the soil by the planter can affect the availability of moisture, 

the availability of oxygen, and mechanical impedance. Laboratory tests in 

Michigan with beans, corn, and sugar beets in sandy clay loam indicated 

that pressures of 34 or 69 kPa [5 or 10 psi] applied to the soil surface after 

planting usually suppressed emergence, whereas 3.4 kPa [Vi psi] did not.24 

Pressures of 34 and 69 kPa applied at seed level, however, improved 

emergence when adequate moisture was available immediately below the 

seeds. These results indicate that planters should be designed to pack the soil 

below the seed level, press the seeds into the compacted soil, and cover the 

seeds with loose soil. 
Seedling thrust forces during emergence and factors affecting thrust re¬ 

quirements (impedance) are of interest in analyzing planter performance and 

developing new designs. Drew and his associates10 measured thrust forces 

actually developed by corn and cotton seedlings during emergence in sandy 

loam. Values were usually 2.2 to 2.7 N [0.5 to 0.6 lbf]. Morton and Buchele20 

pushed probes representing seedlings upward through a layer of soil to deter¬ 

mine the effects of various factors upon emergence energy requirements. 

Buchele and Sheikh8 developed a mathematical relation for the maximum 

required seedling thrust in terms of soil cohesion, internal friction, soil-to- 

seedling friction coefficient, seedling diameter, and soil depth. In one ex¬ 

perimental check, the measured force for an artificial seedling with a cone- 

shaped tip was 3.1 N [0.70 lbf] and the calculated force was 3.6 N [0.81 lbf]. 

Mechanical impedance can be reduced and percent emergence increased 

by covering the seeds with an anticrusting amendment such as vermiculite 

and applying a stabilizing binder. This has been done experimentally in the 

field with lettuce seed9-12’14 and in the laboratory with various kinds of seeds. 

Although excellent results have been obtained, the added operations and the 

amounts of vermiculite and binder required make the planting system 

somewhat expensive and quite bulky. 
Another approach for improving emergence is encasing single seeds in 

capsules or tablets of vermiculite or other similar material. In tests with let¬ 

tuce, Harriott14 obtained best results with cylinders (tablets) 19 mm [% in.] 

in diameter and 6 mm [14 in.] thick, formed by axial compression and plan¬ 

ted on edge with the top flush with the soil surface. Natural cleavage planes 

tended to be perpendicular to the direction of original compression. The 

tablets were made from vermiculite with polyvinyl acetate and water as a 

binder. Johnson and his associates17 obtained similar results with tomatoes 

and cucumbers, using 19-mm-diameter [%-in.-diameter] tablets 6 mm or 13 

mm [14 in. or Vi in.] thick. 
Pesticides, as well as starter nutrients, can be included in the tablets. 

Although the tablets would be rather expensive (Harriott estimated $62/ha 

[$25/acre] for lettuce in 1970), an appropriate planting unit could merely 

press the tablets into the soil, thus providing precision spacing of single seeds 
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and accurate depth control. The same size tablet could be used for various 

seed sizes. 
10.7. Devices for Metering Single Seeds. Devices for metering single seeds 

usually have cells on a moving member or an arrangement to pick up single 

seeds and lift them out of a seed mass. The horizontal-plate planter is the 

most common example of the cell type. Two types of hopper bottoms are 

shown in Fig. 10.2. Edge-cell, edge-drop plates are well-suited for planting 

relatively large, flat seeds like corn. The stationary ring surrounding the 

plate should Fit well for best performance, because it forms one side of the 

cells. Plates with round or oval holes instead of edge cells are used in¬ 

terchangeably for drilling or hill dropping seeds of various row crops. A 

large selection of plates is necessary to meet the requirements for the many 

types and sizes of seeds and spacings. 

Fig. 10.2. Hopper bottoms for horizontal-plate planters, (a) With edge-drop plate for corn. 

Note the spring-loaded cutoff A and the spring-loaded knockout pawl B. (b) Hopper bottom 

suitable for precision drilling of sugar beets or coated seeds. Note the round-hole plate and the 

positive-acting, toothed knockout wheel A. 

A horizontal-plate planter has a spring-loaded cutoff device (Fig. 10.2) 

that rides on top of the plate and “wipes” off excess seeds as the cells move 

beneath it. A spring-loaded knockout device pushes the seeds from the cells 

when they are over the seed tube. The unit shown in Fig. 10.25 is a precision¬ 

planting arrangement, having small-diameter, accurately sized cells and a 

positive knock-out device that extends nearly through the cells. 

Inclined-plate metering devices (Fig. 10.3 and 10.4) have cups or cells 

around the periphery that pass through a seed reservoir fed under a baffle 

from the hopper, lift the seeds to the top of the plate travel, and drop them 

into the delivery tube. A stationary brush is usually employed for more 

positive unloading. Seeds are handled more gently than with horizontal- 

plate units because there is no cutoff device. The metering unit in Fig. 10.4 

has an edge-cell plate with sizes available to Fit various kinds of small 
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Fig. 10.3. An inclined-plate seed-metering Fig. 10.4. An inclined-plate seed-metering 

device. device designed for precision planting of small 

vegetable seeds. (Courtesy of Deere & Co.) 

vegetable seeds. The plates and the surrounding ring are accurately 

machined to provide uniform cell sizes for precision metering. 

Vertical-rotor metering devices of the type shown in Fig. 10.5 are often 

used for precision planting of vegetables and sugar beets. Some units omit 

the seed tube, placing the rotor as low as possible and discharging directly 

Fig. 10.5. A vertical-rotor precision seed- Fig. 10.6. A belt-type precision seed-metering 

metering device. device. (After Stanhay, Ltd.) 
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into the furrow. Vertical-rotor units are also available that have seed cups 
which move up through a shallow seed reservoir, pick up single seeds, carry 
them over the top of the circle, and discharge them during the downward 

travel. 
Another type of precision metering device has cells in a belt, sized to fit 

the seeds (Fig. 10.6). Seed from the hopper enters the chamber above the 
belt through opening A and is maintained at a controlled level. As the belt 
moves clockwise, the counter-rotating seed repeller pushes back excess seeds 
so there is only one in each cell. Seeds in the cells are conveyed over the base 
and discharged from the belt beneath the seed repeller wheel. Lack of a 
positive unloading device causes some variability in seed spacing. 

Two types of single-seed metering devices that do not have cells are shown 
in Fig. 10.7, 10.8, and 10.9. Either type can accommodate normal variations 
in seed size and shape encountered with a particular kind of seed. The unit 
shown in Fig. 10.7 is designed for all types of corn. Twelve spring-loaded, 
cam-operated fingers on radial arms rotate, gripping one or more seeds as 
they pass through the seed reservoir. All but one seed is released as each 
finger passes over two small indents near the top of the stationary disk. As 
the finger continues to rotate, it passes over an opening in the disk and kicks 
the remaining kernel into one of 12 cells in the adjacent, rotating seed wheel. 
The seed wheel discharges the individual kernels into the furrow. 

The pneumatic (air-pressure) metering system shown in Fig. 10.8 has a 
centralized hopper and metering unit that serves 4, 6, or 8 rows. The ground- 
driven seed drum has one circumferential row of perforated seed pockets for 
each planter row. A shallow reservoir of seed is automatically maintained in 
the drum by gravity flow from the hopper. A PTO-driven fan supplies air to 
the drum, maintaining a pressure of about 4 kPa [0.6 psi] in the drum and in 
the hopper. Air escapes through the holes in the seed pockets until a seed 
enters the pocket. Then differential pressure holds each seed as the revolving 
drum carries it up past a stationary brush near the top that knocks off any 
excess seeds. Air-cutoff wheels on top of the drum momentarily block the 
holes, causing the seeds to drop into the seed-tube manifold. Air flow 
through the tubes carries the seeds to the planting units and deposits them in 
the furrows. This system is designed for crops such as corn, beans, and grain 
sorghum, a different drum being employed for each kind of seed. 

The pneumatic principle is also utilized in single-row metering devices for 
unit planters. Small blowers driven by electric motors connected to the trac¬ 
tor’s electrical system provide air pressure in the metering chamber (Fig. 
10.9). Seeds held against the holes in the rotor seed pockets are carried up¬ 
ward and around in a counterclockwise direction in the unit shown in Fig. 
10.9. The seeds are released into the seed tube when the pockets pass a baffle 
that cuts off the inner air pressure to the front (left-hand) portion of the 
rotor. Different disk rotors are used for different kinds of seeds. 
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Fig. 10.7. Exploded cutaway view of finger-pickup type of seed-metering device for corn. The 

rotating seed wheel and the stationary disk behind the fingers are close together in actual opera¬ 

tion. (Courtesy of Deere & Co.) 

Fig. 10.8. Pneumatic seed-metering and distribution system designed for crops such as corn, 

beans, and grain sorghum. (Courtesy of International Harvester Co.) 
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Fig. 10.9. Single-row pneumatic seed- 

metering device on a unit planter. (Courtesy of 

White Farm Equipment Co.) 

A number of seed-metering devices employing the vacuum-pickup princi¬ 
ple have been developed experimentally12,13’27 and at least one manufacturer 
had a planter with a vacuum pickup device commercially available in 1977. 
Most of these have had a central vacuum pump with valving to each pickup 
orifice and a seal between the stationary piping and the rotating pickup 
assembly. One metering unit, however, had a self-contained vacuum-and- 
pressure pump cylinder for each pickup orifice.12 A stationary cam extended 
the piston to produce pressure for unloading the seeds and a spring retracted 
it to develop the vacuum for seed pickup. Vacuum-pickup devices can per¬ 
form effectively, even with small, irregular-shaped seeds like lettuce,12 but 
they are sensitive to dust and dirt. 

With any of the metering devices described above, the average spacing of 
seeds or hills is determined by the ratio of the linear or peripheral speed of 
the seed pickup units (cells, fingers, etc.) to the forward speed of the planter 
and by the distance between the seed pickup units on the metering unit. 
Plates, belts, or rotors with different numbers of cells are available for some 
types of metering units, but changing the speed ratio is the most common 
method of changing seed spacing. 

10.8. Seed-Tape Planting Systems. In this type of precision planting 
system, seeds are deposited either singly or in groups (hills) on a water- 
soluble tape in a laboratory or production facility under controlled condi¬ 
tions. Equipment is available for singling and spacing small, irregular- 
shaped seeds on tape with a high degree of accuracy. In one seed-tape system 
that has been used commercially, the seeds are placed on the tape at the 
desired field spacing and a continuous strip of tape is unreeled and placed 
beneath the soil by a simple planting unit.11,18 The tape is a polyethylene ox¬ 
ide that is stable under normal atmosphere conditions but dissolves in 1 or 2 
min when placed in moist soil. 
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The continuous-tape system has been used for commercial plantings of 
lettuce, tomatoes, cucumbers, and some other vegetable crops. The tape is 
expensive and good soil preparation is imperative.18 A large amount of tape 
per hectare is needed, especially for close-spaced rows (e.g., 20 km/ha for 
51-cm row spacing). Precise depth control is difficult to maintain but 
planting can be done at relatively high forward speeds. Seed spacing in the 
row is predetermined when the seed tape is made and is precise in the field. 
Increased yields, in comparison with planting bare seeds, have been reported 
for lettuce and cucumbers.11 

Chancellor9 developed a system in which single seeds were spaced 10 mm 
[0.4 in.] apart on soluble paper tape. He developed a planter that would cut 
the tape into single-seed sections and deposit these sections in cone-shaped 
pockets pressed into the soil. He included an arrangement to meter a charge 
of noncrusting soil amendment (vermiculite) into each pocket to cover the 
tape. Perforations along one side of the tape synchronized the depositing of 
seeds on the tape and the cutting of tape into sections by the planter. With 
this system, seed spacing is adjustable. 

10.9. Bulk-Flow Seed Metering Devices. Three common types of meter¬ 
ing devices that deliver a more-or-less continuous flow of seeds are il¬ 
lustrated in Fig. 10.10, 10.11, and 10.12. Fluted-wheel and internal double¬ 
run force-feed metering devices are used to a limited extent on row-crop 
planters but their main application is on grain and grass drills. The fluted- 
wheel feed is generally favored over the double run where only relatively 
small seeds are to be handled. The double-run feed is suitable for large seeds 
as well as for the small grains. Only one side is used at any one time, the side 
selected depending upon the seed size. 

The rate of seeding with the fluted wheel is controlled by moving the wheel 
axially to change the length of flutes exposed to the seed in the feed cup. The 
primary method of controlling the seeding rate with the double-run feed is 
by changing the speed ratio between the ground wheels and the feed shaft. 

Fig. 10.10. Fluted-wheel seed-metering device. (Courtesy of Deere & Co.) 
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Fig. 10.11. Internal double-run seed-metering device, showing large and small sides of the 

wheel, for large and small seeds. (Courtesy of Deere & Co.) 

Broadcast seeders usually have stationary-opening metering devices. The 
seeding rate is controlled by adjusting the size of opening. Agitators are 
provided above the openings to prevent bridging and to reduce the effect of 
seed head on the flow rate. The stationary-opening principle is applied in a 
little different manner on the unit illustrated in Fig. 10.12, which is used ex¬ 
tensively for planting vegetables and to some extent for other row crops. The 
agitator merely moves the seed back and forth across the selected metering 
hole. Several interchangeable plates with different hole-size ranges are 

available. 
10.10. Furrow Openers. Examples of both rotating and Fixed types of 

furrow openers are shown in Fig. 10.13. The choice among these types or 
others similar to them is influenced by a number of factors. The optimum 

Fig. 10.12. Stationary-opening seed-metering device with agitator, as employed on some 

vegetable seeders (hopper not shown). 
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Fig. 10.13. Some of the common types of furrow openers. The single-disk openers are slightly 

concave; the double disks are flat and contact each other at the lower front. 

depth of planting varies widely with different crops and is influenced by soil 
moisture conditions, soil temperature, time of year, etc. Some seeds are 
rather sensitive to environmental conditions and require careful control of 
the planting depth, whereas others can tolerate a considerable range of con¬ 
ditions. 

The full runner is a simple device that works well at medium depths in 
mellow soil free of trash and weeds. It is suitable for the average conditions 
encountered by corn and cotton planters. Horizontal plate-type depth gages 
may be attached to the runner for soft soils. The stub runner is sometimes 
used on corn planters in rough or trashy ground. 

Hoe-type openers, when equipped with spring trips as shown in Fig. 10.13, 
are suitable for stony or root-infested soils. They, or similar shovel-type 
openers, may also be used for deep placement of seeds if the soil is relatively 
free of trash. Some vegetable planters have shoes or runners considerably 
smaller than those shown (Fig. 10.4). 

Disk-type openers are suitable for trashy or relatively hard ground. In 
wet, sticky soils they are more satisfactory than Fixed openers because they 
can be kept reasonably clean with scrapers. The single-disk opener, used on 
some grain drills, is more effective than the double disk in regard to penetra¬ 
tion and cutting of trash. Single-disk openers with moldboard attachments, 
as shown at the lower right in Fig. 10.13, are used for furrow planting of 
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grain, the drilled surface being left as a series of furrows and ridges. Double¬ 
disk openers are particularly well-adapted to medium or shallow seeding of 
row crops that are critical in regard to planting depth, because the depth can 
be controlled rather accurately with removable depth bands (Fig. 10.15). 

Another type of furrow opener developed for planting sugar beets has a 
narrow flange, perhaps 32 mm [114 in.] high, centered on the flat rim of a 
wheel. The wheel presses a V-shaped groove in the soil, thus providing firmer 
soil in the seed zone than is obtained with a disk or runner. Planting depth is 
determined by the height of the flange. Field tests with sugar beets have 
shown considerably higher emergence than with double-disk openers.5 

10.11. Covering Devices. Among the many types of covering devices em¬ 
ployed on seeders are drag chains, drag bars, scraper blades (Fig. 10.4), steel 
presswheels, rubber-covered or zero-pressure pneumatic presswheels, disk 
hillers, and various combinations of these units. As indicated in Section 
10.6, a covering device should place moist soil in contact with the seeds, 
press the soil Firmly around the seeds, cover them to the proper depth, and 
yet leave the soil directly above the row loose enough to minimize crusting 
and promote easy emergence. 

Some kinds of seed are more critical than others in regard to these factors. 
Thus simple drag chains, which merely cover the seeds with loose soil, are 
satisfactory for grain drills under most conditions where there is ample 
moisture. In loose, sandy soils or for furrow drilling of grain in heavy 
residue, narrow presswheels with steel or rubber rims may be used behind 
the openers; they tend to give increased stands and yields in areas where 
moisture is a limiting factor. 

Figure 10.14 shows some of the types of presswheels employed on row- 
crop planters. Open-center, concave, steel presswheels are common for corn 
and other large-seed crops. Zero-pressure pneumatic presswheels are used 
extensively for vegetables and some other crops. Their continual flexing 
tends to make them self-cleaning. Tires with narrow center ribs (Fig. 10.14) 
press soil down firmly around the seeds and have given good results in sugar 

Fig. 10.14. Various types of presswheels used on row-crop planters. (Courtesy of Allis- 

Chalmers.) 
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beets. A drag chain behind the flanged presswheel fills the remaining groove 
with loose soil. Narrow rubber-tired seed packer wheels (25 mm [1 in.] wide 
and 200 to 250 mm [8 to 10 in.] in diameter), running directly behind 
the opener to press the seed into the bottom of the furrow before the seed is 
covered, sometimes improve emergence, especially with cotton. 

10.12. Row-Crop Planter Arrangements. Most row-crop planters are 
adaptable to a variety of crops by merely changing seed plates, hopper bot¬ 
toms, or some other element of the metering device. Tool-bar-mounted unit 
planters (Fig. 10.15) are popular because of their great versatility in regard 
to row spacings and types of seed that they can plant. These are mounted on 
a tractor tool bar, a pull-type tool carrier, or a combination bed-shaping and 
planting unit of the type described in Section 10.2. Many different combina¬ 
tions of furrow openers, metering units, and covering devices are employed. 
The seed-metering device on a unit planter is usually driven from the 
presswheel but in some cases is driven by a gage wheel or by double-disk 
openers. 

Mounted or pull-type planters can plant 2, 4, 6, 8, or 12 rows, covering 
widths as great as 9 m [30 ft]. Two pull-type planters can be connected side- 
by-side for even greater widths. Tractor-mounted planters more than about 
6 m [20 ft] wide usually have fold-up outer sections to reduce the width for 
transport. 

Fig. 10.15. A tool-bar-mounted unit planter with double-disk opener and depth bands. Note 

the parallel-link attachment. The presswheel drives the metering unit through interchangeable 

sprockets. (Courtesy of Deere & Co.) 
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With either unit planters or pull-type planters having independently 
mounted row units, the depth of each unit is controlled by its presswheel, a 
gage wheel, shoes on runner openers, or depth bands on double-disk openers 
(Fig. 10.15). Seed hoppers are mounted on the individual row units, directly 
above the furrow openers, and should be as low as feasible. 

Fertilizer attachments, with which bands of chemical fertilizers can be 
placed in the soil at prescribed locations with respect to the seed, are 
available for most row-crop planters and are widely used for certain crops. 
Attachments for applying pesticides are also common. Centralized fertilzer 
hoppers, each serving several rows, can be used on pull-type planters, thus 

minimizing Filling time. 
10.13. Grading and Processing Seed. One of the requirements for accurate 

seeding of row crops with cell-type metering devices is that the seeds or seed- 
containing units be of uniform size and shape. For best results this involves 
accurate grading of the seed within acceptable size limits, as well as selection 
of the proper seed plate. Seeds that are too large for a given size of cell will 
remain in the hopper or will protrude from the cell and be damaged as the 
plate passes the cutoff. Small seeds will either give multiples in the cells or 
the top seed will protrude and may be damaged by the cutoff. Smooth seeds 
approaching a spherical shape are best adapted to precision planting. 

The introduction of hybrid corn varieties has resulted in wide variations in 
seed size and shape. This poses a difficult grading problem, particularly 
since each of the three major dimensions must be considered. Accurate 
classification requires a large number of grades, and planter seed plates are 
needed to fit each grade. Improved planter performance, however, usually 
justifies the added expense of better graded seed. The metering devices il¬ 
lustrated in Fig. 10.7 and 10.8 can handle all sizes and shapes of corn ker¬ 
nels, but no published information is available to indicate metering ef¬ 
ficiency. 

In some cases the individual seed units are actually modified as to size, 
shape, or surface condition to make them more suitable for precision 
planting. One of the earliest examples of seed processing on a commercial 
basis was the modification of sugar beet seed balls to produce smaller seed 
units that were roughly spherical in shape and had .only one seedling- 
producing germ per unit instead of one to five germs as natural seed balls 
had at that time.3 The resulting high percentage of single plants greatly 
reduced hand-thinning costs and made mechanical thinning feasible. 

Monogerm sugar beet seed was developed by plant breeders in 1948 and 
has now virtually replaced processed multigerm seed. Monogerm seed must 
also be processed to be suitable for precision planting because in its natural 
state it is somewhat pancake-shaped and has a rough, corky outer periphery 
(Fig. 10.16a). Processing is usually done with a seed decorticator (developed 
originally for multigerm seed3) or a rice polisher. Either process removes 
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Fig. 10.16. Examples of seed processing, (a) Sugar beet seed—natural ungraded (top), 

processed, and coated, (b) Lettuce seed—bare seed (top), minimum-coated, and full-coated, (c) 

Gin-run fuzzy cotton seed (top), mechanically delinted seed (lower left), and acid delinted seed 

(lower right). All seeds are shown at approximately their actual sizes. 

much of the corky material and tends to smooth up the periphery but still 
leaves the seeds discus-shaped. Accurate screening to close size tolerances 
and a careful fit of cell sizes are necessary for good metering results. 

Small, irregular-shaped seeds are sometimes coated with an inert material 
to make the seed units larger and more nearly spherical so they can more 
readily be singled by metering devices.25 The pellets are screened to a uni¬ 
form size. The coating material must be durable enough to withstand hand¬ 
ling and shipping and porous enough to permit respiration of the enclosed 
seed. It should soften rapidly when in contact with moist soil and permit ade¬ 
quate moisture transfer to the seed to promote germination and emergence. 
Each pellet should contain only one seed, and the seed must not be damaged. 

Monogerm sugar beet seed is sometimes coated to improve its metering 
characteristics and thereby reduce the percentage of doubles. Coating has 
also been tried on various types of vegetables, with varying degrees of 
success and acceptance. Coated seeds germinate more slowly than bare seeds 
and are more critical in regard to soil preparation, planting depth, and 
moisture conditions. A recent development for lettuce that tends to reduce 
the magnitude of these problems is a minimum-coating process in which the 
mass ratio of coating material to seed is about 10 to one instead of 50 to 
one as in full coating. Full-coated, minimum-coated, and bare lettuce seeds 
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are shown in Fig. 10.166. The minimum coated seed can be metered satisfac¬ 
torily by cell-type precision metering devices and germinates faster than full- 
coated seed.16 Minimum coating is an established practice with lettuce22 and 
is also used on some other vegetable crops such as tomatoes and carrots. 

Cotton is another type of seed that is much easier to plant uniformly after 
it has been processed. Because gin-run cotton seed is covered with fuzzy lint 
(Fig. 10.16c), the seeds stick together in a fluffy mass and will not flow 
freely. Special planting units are required, and accurate seed distribution is 
difficult if not impossible to attain. Seed that has had the lint removed by 
either mechanical or chemical means can readily be handled by the same 
types of planting units employed for other row crops, and more uniform 
planting rates can be obtained than with fuzzy seed. Delinted seed is now 

used for most cotton planting. 
10.14. Precision Planting. Precision planting implies accurate spacing of 

single seeds in the row, precise control of planting depth, especially for 
shallow planting of vegetable crops, and creating a uniform germination en¬ 
vironment for each seed. The principal problem in developing plate-type 
precision planters for corn has been to obtain accurate metering and uniform 
seed dropping at high forward speeds. Corn planters are available that will 
do an acceptable job at speeds of 8 to 11 km/h [5 to 7 mph]. 

The primary objective in precision planting of sugar beets, vegetables, and 
other crops that require thinning because emergence rates are low and un¬ 
predictable is to obtain single plants spaced far enough apart so that thin¬ 
ning can be done mechanically or with a minimum of hand labor. In addition 
to reducing thinning costs, precision planting makes the timing of the thin¬ 
ning operation less critical, reduces competition between adjacent plants 
before thinning, and reduces the shock to the remaining plants during thin¬ 
ning. The more uniform maturing that can result from precision planting in¬ 
creases the feasibility of nonselective harvesting of crops such as lettuce. 
Metering devices of the types shown in Fig. 10.26, 10.4, 10.5, and 10.6 are 
commonly used for sugar beets and small-seed vegetables. Maximum 
forward speeds are considerably lower than for corn. 

The principal requirements for precision planting with a cell-type meter¬ 
ing device are: 

1. The seeds must be uniform in size and shape, preferably about spherical. 
2. The planter cells must be of the proper size for the seeds. Plates and 

other critical parts of the metering device must be accurately made. 
3. The seeds must have adequate opportunity to enter the cells. Plate 

speed and exposure distance of the cells in the hopper are the basic 
parameters, with low speed being more effective than long exposure 
distances. 

4. A good cutoff device is needed to prevent multiple cell fill without 
causing excessive seed breakage. 
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5. Unloading of the seeds from the cells must be positive. 
6. The seeds must not be damaged enough to appreciably affect germina¬ 

tion. 

7. The seeds must be conveyed from the metering unit to the bottom of 
the furrow in such a manner that the spacing pattern produced by the 
metering device is maintained (discussed in Section 10.16). 

8. The seeds should be placed at the proper depth in a narrow furrow with 
a minimum of bouncing or rolling in the furrow. 

As with any planting operation, the seeds should be uniformly covered and 
the soil compacted around them to the proper degree. 

10.15. Factors Affecting Cell Fill and Seed Damage. The percent cell Fill 
for a given planter is influenced by such factors as the maximum seed size in 
relation to cell size, the range of seed sizes, the shape of the seeds, the shape 
of the cells, the exposure time of a cell to seed in the hopper, and the linear 
speed of the cell. Percent cell Fill is deFined as the total number of seeds dis¬ 
charged divided by the total number of cells passing the discharge point. Ac¬ 
cording to this deFinition, 100% cell Fill does not necessarily mean that every 
cell contains a single seed but merely implies that any empty cells are offset 
by extra seeds in multiple Fills. The most uniform seed distribution is usually 
obtained with combinations of seed size, cell size, and cell speed that give 
about 100% average cell Fill. 

Figure 10.17 shows the relation of cell Fill to speed when metering corn 
with edge-drop, horizontal-plate planters. The broken-line curve shows very 

Cells per minute 
Fig. 10.17. Effect of plate speed and cell size upon percent cell fill for corn with edge-drop, 

horizontal plates. (Row spacing of 102 cm [40 in.] assumed for data from reference 23, which 

was reported as travel speed for 49 400 seeds per hectare [20,000 seeds per acre].) 
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little increase in cell fill (i.e., very few doubles) as the speed was reduced 
below the point of 100% fill, indicating that perhaps the seed was more uni¬ 
form and the cell size better matched to the seed than for any of the other 3 
curves. In tests with processed sugar beet seed in 2 horizontal-plate, preci¬ 
sion planters (similar to Fig. 10.26), Barmington4 found a linear decrease in 
cell fill from 122% at a cell speed of 3 m/min [10 ft/min] to 27% at 55 

* m/min [180 ft/min], with 100% fill at about 15 m/min [50 ft/min]. Similar 
results were obtained with vertical-rotor planters. 

The effect of cell speed appears to be much greater for rough-surfaced 
seeds than for large, smooth seeds like corn. Doubles are more likely to oc¬ 
cur at low speeds with small seeds than with large seeds. When planting 
seeds such as sugar beets, the best performance of a cell-type metering unit 
can be obtained only within a relatively narrow range of cell speeds. With 
large seeds such as corn, cell fill is not greatly affected by speeds below that 
which produces 100% fill, and the main consideration is to keep plate speeds 
relatively low. For a given spacing in the row and a given forward speed, in¬ 
creasing the number of cells in the plate reduces the linear cell speed. 

Comparison of the solid curves in Fig. 10.17 shows the effect of cell size 
upon percent cell fill. Although the 14.3-mm [36/64-in.] plate had been 
recommended by the seed producer for this particular lot of seed,23 it ob¬ 
viously was too small. The largest cells (top curve) had an excessive precent- 
age of doubles at low speeds and damaged the seed excessively at high 
speeds.23 The effect of the relation between seed size and cell size was also 
shown by tests with processed sugar beet seed in a horizontal-plate planter 
having 4.37-mm [11/64-in.] diameter cells, in which seed closely graded to 
size limits of 2.78 to 3.18 mm [7 to 8/64 in.], 3.18 to 3.57 mm [8 to 9/64 in.], 
and 3.57 to 3.97 mm [9 to 10/64 in.] gave cell fills of about 140, 100, and 

90%, respectively.4 
In general, experience has indicated that the cell diameter or length should 

be about 10% greater than the maximum seed dimension and the cell depth 
should be about equal to the average seed diameter or thickness. Perfor¬ 
mance is improved by grading the seed within close size tolerances. Cell size 
is less critical with pneumatic (air-pressure) metering devices and is not a 
factor with vacuum pickup devices. 

Most seed damage in horizontal-plate or vertical-rotor metering units is 
caused by the cutoff device. The percentage of damaged seeds increases as 
the cell speed is increased. Damage is also greater if the cells are too large. 
Damage can be minimized by making the cutoff device flexible and gentle or 
by employing designs in which individual seeds are lifted out of the seed 
mass so that no cutoff is needed, as with inclined-plate, pneumatic, and 
vacuum-type metering units. 

10.16. Controlling Seed Between Metering Device and Furrow. Precise 
metering is of little value unless the seeds are controlled so that each requires 
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the same time from the meter to the furrow and unless bouncing and rolling 
in the furrow are minimized. These factors are especially critical for close 
spacings in the row and/or for high forward speeds. When drilling at 4.8 
km/h [3 mph] with seeds spaced 50 mm [2 in.] apart in the row, a seed 
that is delayed ’/25 s will be overtaken by the next seed. 

Variations in drop time can be minimized by one of the following: 

1. Having a short, smooth, small-diameter drop tube with the discharge 
end close to the bottom of the furrow. 

2. Discharging the seed directly from the metering device within a few 
centimetres of the furrow bottom. 

3. Mechanically transferring the seed from the metering unit to the 
furrow as is done with transfer wheels on some hill-drop planters (Fig. 
10.18). 

Slow cell speeds, or trajectory-shaped seed tubes for high plate speeds, 
minimize bouncing within the seed passage.2 

Seed movement in the furrow can be minimized by having a narrow 
furrow and by imparting a rearward velocity component to the discharged 
seed to at least partially offset the forward velocity of the planter. Improved 
uniformity has been obtained in tests with plate-type corn and cotton plan¬ 
ters by angling the seed tube rearward 15 to 30° from the vertical.7,26 High 
downward velocities (as from long drop distances) tend to increase seed 
bouncing and displacement in the furrow. 

10.17. Hill Dropping. Seed plates with cells large enough to hold a full hill 
of seeds can be used for hill dropping, but there is likely to be considerable 
scattering of the seeds, particularly at high forward speeds. Seed dispersion 
may result from time delays as the seeds leave the plate cells, time delays as 
they fall through the seed tube, or scattering when they strike the furrow.2 

x 

Lower ' \ - 
valve Ejector 

Fig. 10.18. Rotary valve for hill dropping. Fig. 10.19. Reciprocating valves for hill drop- 

(Courtesy of White Farm Equipment Co.) ping, shown in closed positions. 
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More accurate hill spacing and closer grouping of seeds within a hill can 
be obtained with a rotary valve or transfer wheel of the type shown in Fig. 
10.18 than with hill-drop plates. This wheel accumulates the desired number 
of seeds for a hill as they are discharged from the metering plate and dis¬ 
charges them close to the furrow bottom at a low velocity relative to the 
ground. 

Valve mechanisms of the type shown in Fig. 10.19 were originally 
developed for checkrow corn planting but can also be used for random hill 
dropping. Rotary valves, however, are more suitable for high-speed opera¬ 
tion. In a reciprocating-valve arrangement, a cam on the feed shaft opens the 
two valves simultaneously for each hill. Seeds that had been momentarily 
resting on the lower valve are ejected down and rearward a relatively short 
distance into the furrow, while seeds accumulated on the upper valve are 
released to fall down onto the lower valve. Spring action closes both valves. 

10.18. Planter Testing. Although the ultimate criterion for evaluating a 
complete planting operation is the stand obtained in the Field, these results 
are influenced by seed viability and environmental factors beyond the con¬ 
trol of the planting machine. The effects of different types of furrow openers 
or presswheels can only be determined by Field emergence trials, but the 
performance of a seed-metering device can be checked more readily and 
more reliably in the laboratory than in the field. 

The regularity of seed spacing can be observed rather simply by mounting 
the hopper and metering device on a suitable stand and passing a grease- 
coated board beneath the seed tube at a rate representing the ground speed 
of the planter. The resulting seed pattern is representative of the perfor¬ 
mance of the metering device with its seed tube but does not show the effect 
of bouncing in the furrow. Photosensitive devices and electronic units have 
also been used to record the paths or frequencies of falling seeds. 

The performance of a metering device alone is often expressed as the per¬ 
centages of skips, singles, and doubles (or multiples). Various methods have 
been employed to evaluate or compare seed distribution patterns. Some in¬ 
vestigators have assumed an acceptable range or tolerance for the seed spac¬ 
ing and then determined the percentages of spaces within this range. 
Sometimes the unacceptable spaces are segregated into those that are too 
short and those that are too long. Another method involves measuring each 
space and then calculating the standard deviation and the coefFicient of 
variability. 

The most common method of determining cell fill is to weigh the seed 
collected while a certain number of cells pass the discharge point, count the 
number of seeds in a known mass, and then calculate the total number of 
seeds collected. Damage is determined on a mass basis by screening out the 
broken particles of seed. Another method is to count the number of seeds 
collected or recorded by one of the arrangements for determining regularity 
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of spacing. The counting method gives a direct indication of the number of 
seeds discharged by each individual cell and the probability of a cell’s 
selecting zero, one, two, or any other number of seeds, whereas the weighing 
method merely indicates the overall average. 

10.19. Broadcast Seeding. Seeds may be broadcasted with centrifugal- 
type spreaders, with drop-type broadcasters that have spaced openings along 
the full length of a hopper (similar to a grain drill without furrow openers), 
or by distribution from helicopters or fixed-wing aircraft. If broadcasted 
seed is to be covered, this is done as a separate operation, usually with a 
spike-tooth harrow. 

The centrifugal-type broadcaster, also known as an endgate seeder, 
provides a rapid and inexpensive method of seeding crops such as the small 
grains and some grasses. It is particularly useful for fields that are small, 
wet, irregularly shaped, or have surface or subsurface obstructions. Seed is 
metered from the hopper through an adjustable opening with an agitator 
above it, or sometimes with a fluted wheel. The metered seed is dropped onto 
one or 2 horizontal, ribbed disks (spinners) that rotate at 500 to 1000 r/min 
(sometimes faster) and spread the seed as a result of the centrifugal dis¬ 
charge force. The width of strip covered generally ranges from 6 to 15 m [20 
to 50 ft], being influenced by the physical characteristics of the seed (size, 
shape, density, etc.), the speed and height of the spinners, and the configura¬ 
tion of the spinners. Distribution is not as uniform as with a grain drill and is 
affected by wind .•Centrifugal broadcasting is discussed in more detail in Sec¬ 

tion 12.10. 
10.20. Airplane Seeding. The first reported use of an airplane for seeding 

rice was in 1929, when it became necessary to replant some California fields 
that had already been flooded.6 At the present time most of the rice planted 
in California, as well as considerable areas in other states, is presoaked and 
broadcasted onto either flooded or dry fields by airplane. Other crops such 
as wheat, barley, and pasture grasses have been seeded by airplane to a 
limited extent. Aircraft are particularly valuable for - reseeding hilly 
rangelands or burned-over areas. Pellets containing groups of seeds are often 
used for range reseeding. The equipment for aircraft seeding is the same as 
that used for aircraft broadcasting of granular fertilizers, which is discussed 

in Section 12.11. 
10.21. Grain Drills. In comparison with broadcast seeders, grain drills 

tend to give higher yields because of the greater uniformity of seed distribu¬ 
tion and the more uniform seeding depth. The maximum depth of the furrow 
openers is controlled in gangs, usually through suitable adjustments in the 
lift arrangement. Each opener, however, is held down by spring pressure and 
can raise independently to pass over irregularities. 

A fertilizer-grain drill has a divided hopper, the front section being for 
seed and the rear section for fertilizer (Fig. 10.20). The fertilizer may be 
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Fig. 10.20. Phantom view of fertilizer-grain drill with grass-seeding attachment on front. 

deposited through the same tubes with the seed or through separate passages 
behind the seed tubes. Fertilizing units are also available as removable at¬ 
tachments for plain grain drills. Fertilizing equipment is discussed in more 
detail in Chapter 12. Attachments for drilling small grass seeds are available 
for either plain or fertilizer drills. An auxiliary hopper equipped with small- 
diameter fluted wheels is provided (Fig. 10.20), the grass seed either being 
deposited through the grain seed tubes or allowed to fall onto the soil behind 
the furrow openers. The operations of drilling grain, distributing fertilizer, 
or seeding grasses can be performed independently or in any desired com¬ 
bination. 

Most grain drills have double-disk or single-disk furrow openers, but 
some have hoe-type openers for deep planting. Spacings generally range 
from 15 to 36 cm [6 to 14 in.], with 15.2, 17.8, and 20.3 cm [6, 7, and 8 in.] 
being common for standard drills. The wider spacings are primarily for 
furrow drilling (as with the single-disk, deep-furrow opener in Fig. 10.13). 

10.22. Potato Planting. Potatoes are generally grown from seed pieces cut 
from the whole tubers, although small potatoes are sometimes planted 
without cutting. Since planting rates are in the order of 900 to 1700 kg/ha 
[800 to 1500 Ib/acre], large seed hoppers are necessary and potato planters 
are usually pull-type implements (1-, 2-, or 4-row). Fertilizing units with 



CROP PLANTING 233 

hoppers holding several hundred kilograms per row are available for most 
potato planters and are integral units on some of them. The fertilizer is 
deposited in bands on either or both sides of the row by means of disk 
openers. The seed furrows are generally made with runner or shoe-type 
openers. Concave covering disks bury the seed pieces to a depth of perhaps 
10 cm [4 in.] and leave a ridge over each row. 

Automatic potato planters have vertical, rotating picker wheels with 
devices to either pierce or grip individual seed pieces and then drop them into 
the furrow. The picker-pin type, shown in Fig. 10.21, is the most common. 

Fig. 10.21. A picker-pin feed mechanism for an automatic potato planter. In the left-hand 

view, the cam B causes the picker head to release the seed piece at C. The cam drop-off at D 

allows the spring-loaded arm to snap shut and pierce a new seed piece. The right-hand view 

shows how the seed is fed from the hopper into the picking chamber to maintain a uniform level. 

Each arm or head of the picker wheel has two sharp picking pins that pierce 
a seed piece in the picking chamber (at point D) carry it over to the front, 
and then release it above the furrow (at point C). To avoid excessive picker- 
head speeds in high-speed planting (e.g., 8 km/h [5 mph]), 2 wheels per 
row, each with 6 to 8 picker heads, are mounted side by side with the arms 
staggered. The position of the picker pins on each head is adjustable to ac¬ 
commodate various sizes of seed pieces. The spacing of seed pieces in the 
row is controlled by the speed ratio between the ground wheels and the 

picker wheels. 
10.23. Transplanting. Some kinds of crops, including tobacco, cabbage, 

sweet potatoes, and tomatoes, may be propagated in special beds and then 
transplanted in the field. If any appreciable area is involved, mechanical aids 
are usually employed. Mechanical plant setters are also suitable for planting 
small trees in reforestation work and for other kinds of nursery stock. 
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The essential components of the simpler transplanting machines are a 
furrow opener, provision for carrying a supply of plants, low seats for 
operators who place plants directly in the furrow, and presswheels or press 
plates to cover the roots and firm the soil around them. A water supply tank 
is usually provided, with appropriate valving for either intermittent applica¬ 
tion of water around each plant or continuous application along the row. 
Plants are spaced in response to a mechanical clicking device or other ap¬ 
propriate signal. 

Machines designed for setting plants in prepared seedbeds are generally 
equipped with runner-type furrow openers. The principal requirements are 
that the furrow be of uniform depth and that it be wide enough to accom¬ 
modate the plant roots without crowding. Presswheels are used in pairs, 
tilted outward at the top and sometimes with the fronts angled slightly away 
from the row. 

Some transplanting machines have mechanical transfer devices that are 
hand-fed but which automatically place the plants in the furrow. This 
arrangement allows the operators to work in more comfortable positions 
and tends to give more uniform placement in the furrow. The transfer device 
must be carefully designed to ensure that the plants will not be damaged and 
to preclude any possibility of injury to the operator. Proper timing of the 
release is required so that the plants will remain upright as the roots are 
covered. 

Huang and Splinter15 developed a fully automatic transplanter for plants 
in small pots. The pots were of a conventional type that is sometimes used 
for hand transplanting and disintegrates rapidly when placed in the soil. 
Grid frames containing the potted plants were carried on the transplanter 
and automatically shifted to place the pots, one at a time, over an opening 
above a drop tube that guided the pots into the furrow. 
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PROBLEMS 

10.1. (a) What seed spacing is required when planting corn in rows 102 cm apart if the desired 

plant population is 6000 plants per hectare and an average emergence of 85% is expected? 

(b) If the edge-drop seed plate has 16 cells and a diameter of 200 mm, what is the linear cell 

speed in metres per minute when planting at 8 km/h? 

10.2. A horizontal-plate planter has plates with 72 cells on a 165-mm-diameter circle. The ef¬ 

fective radius of the drive wheel (presswheel) is 195 mm. A 16-tooth sprocket on the presswheel 

drives an 18-tooth sprocket on the feed shaft. A 12-tooth bevel gear on the feed shaft drives a 

27-tooth gear on the plate shaft. 

(a) Calculate the seed spacing in the row for 100% cell fill. 

(b) If a plate speed of 15 m/min gives 100% cell fill, what forward speed (kilometres per hour) 

is required for 100% fill? 
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10.3. A planter has a vertical-rotor metering device similar to the one in Fig. 10.5, but with no 

seed ejector. The unit is operated without a seed tube, the seeds being released at the lowest 

point of travel and falling freely by gravity to the furrow bottom 90 mm below. The peripheral 

speed of the rotor is 21 m/min and the ground speed is 5 km/h. How far does a seed move 

horizontally (indicate whether forward or backward) between the point of discharge and the 

point of impact in the furrow, 

(a) if the rotor turns in the same direction as the ground wheels? 

(b) If the rotation is opposite? 

(c) At what angle from the vertical does the seed strike the bottom of the furrow in each case? 

Neglect air resistance. 

10.4. During a cell-fill test with sugar beet seed in a horizontal-plate planter having a plate 

with 72 cells on a 167-mm-diameter circle, 28.75 g of undamaged seed and 0.95 g of damaged 

(screened) seed were collected during 50 revolutions of the ground wheel in 68 s. A 6.40-g sam¬ 

ple contained 556 seeds. The seed plate makes 0.76 revolutions for each revolution of the 

ground wheel. Calculate: 

(a) Average percent cell fill (including damaged seed). 

(b) Linear speed of cells, in metres per minute. 

(c) Percent seed damage. 

10.5. The seed tube on a plate-type corn planter is angled 20° rearward from the vertical and 

the seed plate is 560 mm above the furrow bottom. 

(a) What is the horizontal rearward component of the seed velocity with respect to the planter 

when the seed reaches the furrow? Neglect the effects of friction and seed bouncing in the tube. 

(b) What would be the horizontal velocity of the seed with respect to the ground, in 

kilometres per hour, if the planter speed is 7.25 km/h? 
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Row-Crop Cultivation, Flaming, 
And Thinning 

11.1. Methods of Controlling Weeds. Since a large part of this chapter is 

devoted to equipment and practices whose primary function is to control 

weeds, a brief discussion of the general problem and the methods of com¬ 

bating weeds seems appropriate. The control of weeds and grasses has 

always been one of the greatest time- and labor-consuming operations in the 

production of crops. 
In addition to requiring extensive control measures, weeds rob crop plants 

of nutrients and water, often serve as hosts to insects and other pests that 

prey on crop plants, and create equipment problems, especially in harvesting 

and processing of certain crops. 
Mechanical cultivation or tillage is still the most important method for 

controlling weeds and is generally the most economical method where it can 

be used. The weeds may be uprooted, covered, or cut off. The principal 

problem in the tillage method is killing weeds and grasses in the crop row. 
In the early stages of growth for some crops, implements such as the 

rotary hoe and the spring-tine or pencil-point weeder can be operated di¬ 

rectly over the rows to uproot small weed seedlings from among established 

crop plants. The action of these tools depends upon differential resistance 

between the weeds and the crop plants, and there is generally some crop 

mortality. Indiscriminate or “overall” coverage of both the middles and the 
rows with implements of this type is fast and economical, and power require¬ 

ments are low. Individual-row, rotary-hoe attachments are often mounted 

between the sweeps or shovels of a row cultivator for early cultivations. 

Selective burning or flaming is an effective means of controlling in-the- 

row weeds in certain crops, such as cotton, corn, grain sorghum, and soy¬ 

beans, whose stems are not injured by a short exposure to an intense heat. 

This method, however, cannot be applied during the early stages of crop 

growth. 
Chemical herbicides are widely used for weed control at various stages of 

crop planting and growth. A number of types of selective chemicals are 

available that, if applied to the soil at the correct rates, will kill certain kinds 

of weeds or grasses and not be injurious to a particular type of crop plant. 

The margin of safety between adequate weed control and crop injury is small 

with some herbicides and some crops. Selective systemic herbicides, such as 

237 
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2,4-D, are available that will kill broadleaf plants and not injure grasses 

when sprayed on the foliage. Others, such as dalapon, will kill grasses 

without injuring certain types of broadleaf plants. 

Pre-plant or pre-emergence application of granular or liquid herbicides to 

the soil in a band perhaps 18 to 25 cm [7 to 10 in.] wide, centered on the 

row, is a common practice and can provide effective weed control in the 

early stages of crop growth. Pre-plant applications are usually incorporated 

into the soil. Pre-emergence treatments are usually applied to the soil sur¬ 

face in conjunction with the planting operation (behind the presswheel). If 

needed, post-emergence treatments may be applied to the soil surface adja¬ 

cent to the row, either when the plants are young or at later stages of crop 

growth. Adequate moisture is required for activating most soil-applied her¬ 

bicides and to sprout the weeds. 

Directed post-emergence spraying with general-contact weed killers 

(which kill most kinds of vegetation) is practical with row crops that are 

resistant to injury from such sprays applied at the plant base. The nozzles 

must be carefully placed and directed so the spray does not strike the foliage 

or tender portions of the stalks. 

Sometimes the crop itself is effective in combating weeds by shading 

them, but other methods of control are required until shade takes over. 

Hand hoeing and finger weeding are effective weed-control methods, but 

these are time-consuming, tedious, and costly operations. If other methods 

are not fully effective and weeds in the row get out of control, hand hoeing is 

about the only method that can be used. 

The selection of a method or methods for controlling weeds is influenced 

by the type and age of crop, the type and size of the weeds or grasses, 

timeliness, the equipment available, and other factors. Good weed control 

usually involves a combination of the available methods plus timeliness and 

good farming. Weeds in the middles are usually controlled by cultivation, 

whereas weeds in the crop row may be controlled by any one or more of the 

methods described above. Weeds and grasses in the row are most effectively 

controlled when not more than 25 to 50 mm [1 to 2 in.] tall. 

ROW-CROP CULTIVATORS 

In general, the most important reason for row-crop cultivation is to 

promote plant growth by eradicating weeds. Additional functions in 

irrigated areas are to prepare the land for the application of irrigation water 

and to improve water penetration. In certain crops, preparation of the field 

for harvesting operations is an important consideration in the final cultiva¬ 

tions. Incorporation of chemical fertilizers or pesticides into the soil is 
another function of cultivation. 

As tractor sizes have increased, row-crop cultivator widths have also 
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become greater. Because power requirements per metre of width are rela¬ 

tively low, the maximum width of row-crop cultivators is limited primarily 

by factors such as maneuverability, the effects of unbalanced draft varia¬ 

tions from tools offset a great distance from the tractor centerline (i.e., steer¬ 

ing stability of the tractor-cultivator combination), implement mass, 

and structural considerations. Rear-mounted or front-mounted cultivators 

are available that will cover widths as great as 9 m [30 ft]. The maximum 

number of rows ranges from eight 102-cm [40-in.] rows to sixteen 51-cm [20- 

in.] rows. Some cultivators are designed to cover only two 102-cm 

rows, but most cultivators now being manufactured cover at least 4 rows. 

11.2. Tractors for Mounted Row-Crop Cultivators. The tricycle-type, all¬ 

purpose tractor with adjustable wheel tread was developed primarily for 

mounted cultivators and other row-crop equipment. Four-wheel tractors 

with both front-wheel and rear-wheel treads adjustable are widely used, es¬ 

pecially for the larger cultivators. A 3-wheel tractor can turn sharper than a 

4-wheel tractor but is less stable on turns or side hills and cannot straddle a 

single row or bed. High-clearance row-crop tractors, having minimum ver¬ 

tical clearances of more than 760 mm [30 in.] beneath the axles, are 

available for straddling tall crops. 

11.3. Types of Mounted Cultivators. The most common type, which might 

be described as a separated-gang cultivator, has either one or two indepen¬ 

dent gangs per row that drop down between the rows as shown in Fig. 11.1 

Fig. ILL A rear-mounted, separated-gang cultivator. Note the attachment points for the 

three-point hitch, the spring-loaded guide coulter at the left (there is also one at the other end), 

the parallel-link gang supports, and the gage wheels on individual gangs. (Courtesy of Inter¬ 

national Harvester Co.) 
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Fig. 11.2. A front-mounted, separated-gang cultivator with gage wheels on individual gangs. 

(Courtesy of Deere & Co.) 

and 11.2. This arrangement provides maximum vertical clearance for the 

plants. The size of a separated-gang cultivator is designated as the number of 

rows covered, which is determined by the number of gangs provided. The 

gang spacing is adjustable for different row spacings. 

Cultivators designed specifically for sugar beets and vegetables with close 

row spacings have continuous tool bars that extend across the tops of the 

plants as shown in Fig. 11.3. A separated-gang cultivator can be converted 

to a continuous-tool-bar unit by merely clamping tool bars across the 

separate gangs. A continuous-tool-bar arrangement is adaptable to a wide 

range of row spacings, the maximum number of rows depending upon the 

length of the tool bars and the row spacing. Good lateral stability between 

tools is characteristic of this type of cultivator and is an essential require¬ 

ment for cultivating extremely close to plants. Vertical clearance is limited 

by the maximum practical length of the tool standards. 

11.4. Gang Attachment Linkages and Depth Control. Separated gangs 

and front-mounted, continuous-tool-bar arrangements are attached to the 

cultivator frame through parallel links. Then raising or lowering a gang does 

not affect the tool pitch, and the depths of all tools change by the same 

amount. Good fits and wide contact areas at the link pivot points are needed 

to minimize lateral movement, especially with separated gangs. 

Rear-mounted, continuous-tool-bar cultivators are attached directly to 

the three-point hitch. If the vertical distance between the upper and lower 

hitch points (mast height) is normal, vertical convergence of the links causes 

tool pitch and the relative depths of fore-and-aft spaced tools to change as 

the cultivator is raised or lowered. Reducing the mast height to make the up¬ 

per and lower links parallel when in the operating position would minimize 
these effects. 
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Fig. 11.3. A rear-mounted, continuous-tool-bar cultivator with 2 gage wheels and 2 rigid 

guiding coulters. (Courtesy of Deere & Co.) 

Satisfactory depth control can sometimes be obtained with narrow 

cultivators in smooth fields by adjusting the tool bar or gang heights in rela¬ 

tion to the tractor. But for wide units, gage wheels on individually floating 

gangs are highly desirable and widely used (Fig. 11.1, 11.2, and 11.3). Gage 

wheels allow each gang to follow ground-surface irregularities or to compen¬ 

sate for lateral tilting of the tractor and/or cultivator frame with a minimum 

of depth variation. 
Gang attachment linkages or lift linkages sometimes have springs that ex¬ 

ert a downward force on the gang to aid in obtaining penetration. Otherwise, 

the only downward forces are the force of gravity on the gang and any 

downward component of soil forces (suction) on the tools. 

As discussed in Section 8.18, the maximum depth obtainable with a 

parallel-link hitch when a gage wheel is used (free-link operation) or when 

the gang is suspended from the tractor is that which causes the resultant of 

Rv and W to become parallel with the hitch links. The support force Qv on 
the gage wheels, or the restraining force in the lift links, would then be zero. 

If hold-down springs are employed, their effect should be combined with the 

gravity force. Penetration with a parallel-link system can be improved by 

raising the rear ends of the links with respect to the gang or lowering the 

front ends, thereby reducing the upward component of pull on the gang. 

11.5. Characteristics of Rear-Mounted and Front-Mounted Cultivators. A 

rear-mounted cultivator that is laterally rigid is not satisfactory for 

cultivating close to plants because the initial response to a steering correc¬ 

tion is in the opposite direction from that of the front wheels. The general 

adoption of the three-point hitch has eliminated this problem because the 

horizontal convergence of the lower links provides a virtual hitch point 

which, for a directional implement, is usually in the vicinity of the front axle 

(Section 8.17). One or two guide coulters (Fig. 11.1 and 11.3) provide lateral 

stability for the cultivator and make it directional. A visual steering guide is 
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attached to the front axle of the tractor, directly over a row. Because the vir¬ 

tual hitch point is well forward, the implement tends to average out short- 

time variations in steering. 

Front-mounted cultivators are laterally rigid with respect to the tractor 

and respond directly to steering. More continuously precise steering control 

is required for close cultivation than with rear-mounted units on a three- 

point hitch, but the operator has good visibility of the work. When a front- 

mounted cultivator is used, a rear gang is also needed if the soil is to be 

loosened behind the tractor rear wheels. When separated gangs are em¬ 

ployed on a front-mounted cultivator, special extensions are needed to reach 
under the tractor body. 

Front-mounted cultivators are somewhat more difficult to attach or 

remove than are rear-mounted units because parts of one or more gangs are 

directly behind the front wheels. To facilitate mounting or dismounting, the 

frames are usually hinged (Fig. 11.2) so they can be swung out and forward 

(i.e., rotated 90°) for removal, after detaching the inner ends from the sides 

of the tractor frame. The tractor can then be backed out without interference 

from the gangs. Several bolts must be loosened or removed but only a 

minimum amount of manual manipulation or lifting is needed to attach or 

detach most present-day front-mounted cultivators. 

If the frame of either a rear-mounted or a front-mounted cultivator is rel¬ 

atively wide, small amounts of tractor tilting can cause enough vertical mo¬ 

tion at the outer extremities of the frame to be objectionable, even with in¬ 

dependently gaged gangs. To overcome this problem, rear-mounted 

cultivators more than about 6 m [20 ft] wide often have a gage wheel near 

each end of the main cross beam or frame, in addition to the individual-gang 

gage wheels. Front-mounted cultivators over 6 m wide usually have each half 

semimounted, with a longitudinal hinge axis at the tractor frame and a 
caster wheel at the outer end. 

Carrier wheels and a hitch member to permit endways transport are 

available for most rear-mounted cultivators over 6 m wide. The wide, 

semimounted front cultivators have provision for swinging the two halves 

forward so they are together in front of the tractor for transport. The caster 
wheels still support the outer (front) ends of the frames. 

11.6. Lift Arrangements. Each half of a front-mounted cultivator has a 

rockshaft above the main cross beam with a lift arm and lift link for each 

separated gang (two for a continuous-tool-bar gang). One remote (external) 

hydraulic cylinder may lift both halves, or two cylinders may be employed to 

permit selective lifting of one half before the other (sometimes desirable in 

odd-shaped Fields). When a rear-mounted cultivator is lifted through the 

three-point hitch, the main cross beam first lifts alone and then it picks up 

each gang as the gang linkage reaches the lower limit of its travel with 
respect to the main cross beam. 
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When both front and rear gangs are employed, some method of delaying 

the raising or lowering of the rear gang is desirable so all operations can be 

started and stopped at about the same position with respect to the ends of the 

rows. Two hydraulic cylinders operated from a single control valve can be 

arranged to provide an automatic delay for the rear gang by means of two 

hydraulic pressure sequence valves, one for lifting and one for lowering (Sec¬ 

tion 4.7). Another common' arrangement has independent controls for the 

front and rear cylinders, thus providing selective lifting or lowering with the 

timing determined by the operator. 

1L7. Cultivating Tools and Attachments. Many types and combinations 

of cultivating tools are used in row crops, the selection being influenced by 

such factors as type and size of crop plants, soil type and field condition, and 

the purposes for which cultivation is being performed. A few of the common 

types of shovels and sweeps are illustrated in Fig. 11.4. Various sizes and 

Furrower 

Weed knives Double-point Single-point Hoof shovel or 
or beet hoes shovels shovel spearhead 

Fig. 11.4. Some common types of shovels and sweeps. The dimension lines indicate the manner 

of specifying the size of each tool. 

shapes of these tools are available. Among the many other types of equip¬ 

ment are tools such as disk weeders and disk hillers for moving dirt to or 

from the row (Fig. 11.3), rotary hoe units, and special rotary cultivating 

equipment for row crops. 

Row shields are often needed in close cultivation of small plants to 

prevent covering of the plants with dirt or clods. Stationary row shields are 

illustrated in Fig. 11.1 and rotary shields in Fig. 11.8. Special fenders or 

shields are sometimes needed to prevent large plants from being damaged by 

the tractor wheels or the cultivator frame. 
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Sweeps are used extensively for weed control, since shallow cultivation is 

generally desired. Special sweeps have been developed that can be operated 

at high speeds (often 8 km/h [5 mph] or more in crops such as corn and cot¬ 
ton) without throwing excessive amounts of dirt. When subsurface or mulch 

tillage is practiced, the crop residue tends to clog sweeps and prevent 

penetration. Disk hillers have given good results in these areas. 

Fig. 11.5. Rotary-hoe attachment for a row- 

crop cultivator. (Courtesy of Deere & Co.) 

Rotary-hoe attachments for row-crop cultivators (Fig. 11.5) are very ef¬ 

fective at 8 to 10 km/h [5 to 6 mph] for early post-emergence cultivation of 

corn, cotton, and other crops. They are run directly over the rows while the 

crop plants are small but after they have well-established root systems. The 

hoe wheels uproot small, tender weeds and break any crust that might be 

present, without serious injury to the crop plants. They also serve as ex¬ 

cellent rotary shields for the sweeps or other shovels in the middles. They 

allow sweeps to work at high speeds without covering, even when the plants 

are small. Continuous-width rotary hoes with staggered-wheel, tandem 

gangs are used in some flat-planted crops, covering the middles as well as the 
crop rows. 

Rolling cultivators of the type shown in Fig. 11.6 are quite versatile tools 

for shallow cultivation and work well at high forward speeds. The twisted 

blades have a slicing action that moves soil laterally as well as uprooting 

small weeds and mulching the soil. The gangs can be adjusted to move soil 

either toward or away from the row and can be oriented to till a flat surface 
or the sloping side of a bed. 
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Fig. 11.6. Rolling-cultivator units with twisted blades that provide a slicing action and can 

move soil laterally as well as mulching. Right-hand and left-hand units are usually used in pairs. 

(Courtesy of Lilliston Corp.) 

11.8. Cultivator Adjustments. The three basic adjustments for cultivator 

tools are the relative horizontal positions (lateral and fore-and-aft), the 

depth, and the pitch. Some tools, such as disk hillers and other tools for 

moving dirt to or from the row, also require a directional adjustment. This 

adjustment may be obtained by using standards whose upper portions have a 

circular cross section so they can be rotated in the clamps. Vertical adjust¬ 

ment of the standards in the clamps is provided so the relative depths of tools 

on a gang can be adjusted. Clamps should be easy to remove or shift. 

Standards for separated-gang cultivators ordinarily have an adjustable 

joint for changing the pitch of individual tools, whereas continuous-tool-bar 

cultivators generally have one-piece standards and provision for rotating the 

entire tool bar or gang to adjust the pitch. Some tools, such as weed knives 

(Fig. 11.4), have slotted holes for pitch adjustment at the point of attach¬ 

ment to the standards. 

In general, a cultivator is set up for the same number of rows that were 

planted at one time, since the guess rows (row spaces between adjacent plan¬ 

ter trips) will always have some variation in width. For close cultivation it is 

important that the tool spacings correspond accurately with the spacing of 

the planter units. The tools that are to be operated closest to the row are 

usually placed in the most forward positions on a gang. 

11.9. Protective Devices for Cultivator Standards. Continuous-tool-bar 

cultivators for beets and vegetables seldom have any protection for in¬ 

dividual tools or standards, but spring-trip standards are common on 

separated-gang cultivators. Their purpose is to provide overload protection 
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in case the tool encounters a stone, root, or other solid object. Friction- 

release standards are less expensive than spring-trip standards but also less 

reliable. 

Fig. 11.7. Spring trip on a cultivator standard. 

A typical arrangement for a spring trip is shown in Fig. 11.7. Ideally, the 

force on the shovel required to operate the spring trip should be large enough 

at the start of tripping to hold the shovel rigid until an obstruction is encoun¬ 

tered and should then decrease as the shovel moves rearward. An inherent 

defect in most spring trips is that the pivot point is located behind the point 

of the tool, which causes the shovel to try to go deeper when the device trips 

(Fig. 11.7) and thus introduces high stresses in the standard. 

11.10. Rotary Cultivation. Powered rotary cultivators are used for weed 

control and shallow mulching in certain crops, particularly those with close¬ 

spaced rows such as sugar beets and various vegetable crops. The upper view 

in Fig. 11.8 shows a rotary cultivator in operation in a bed planting and also 

shows cone-shaped guide wheels that run against the sides of the beds and 

keep the cultivator centered on the beds. A second pair of cones might be 

used on the front of the cultivator for more positive control. 

The lower views in Fig. 11.8 show two types of rotary cultivating units. L- 

shaped blades (left) are the most common and are the type on the machine 

pictured above. Curved blades would be used if the sides of the bed were be¬ 

ing tilled. In the example shown, ground-driven disks, free-wheeling on the 

rotor shaft, act as plant shields (lower left). Stationary, sliding shields are 

employed on some models. With either type of rotor, the widths of in¬ 

dividual units or overall widths of pairs can be changed to accommodate 

various row spacings. The vertical crop clearance is limited by the radius of 

the tillage units. 

Rotary cultivators are very effective weeders and mulchers. When equip¬ 

ped with suitable shields, the rotors can be operated extremely close to 

young plants having small root systems. It is not uncommon to leave an un- 
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Fig. 11.8. Top: A rotary cultivator with L-shaped blades. Cone-shaped guide wheels keep unit 

centered on the beds. Lower left: Diagram showing the operation of the L-shaped blades and the 

ground-driven disk shields. (Courtesy of International Harvester Co.). Lower right: Cylindrical 

type of rotor with blades parallel to the axis. (Courtesy of Cultro, Inc.) 

tilled strip only 6 to 8 cm [2Vi to 3 in.] wide in young sugar beets and 

vegetable crops. Such close cultivation, with either rotary cultivators or 

other cultivating tools, must be done at low forward speeds to permit ac¬ 

curate steering and reduce operator fatigue. 

FLAME WEEDING 

11.11. General Applications of Flaming. Control of unwanted vegetation 

by flaming has been practiced for many years in such places as railroad 

right-of-ways and drainage ditches. The practical application of selective 

flaming to control weeds and grasses within a specific row crop dates back to 

the early 1940s, when research demonstrated its feasibility in cotton. Since 

then, flame weeding has been tried in many different row crops with varying 

degrees of success and economic feasibility.2 
Since about 1960, a considerable amount of research effort has been 

devoted to other applications for flaming. Thermal defoliation of cotton has 

been accomplished effectively (Section 19.14) with no adverse effects upon 

yields.13 Flaming is sometimes employed to control weeds around the trees 
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in orchards. Flaming alfalfa during the latter part of the dormant period has 
given effective, economical control of the alfalfa weevil.14 Flame drying of 
standing grain sorghum to permit earlier harvesting has been tried.2 These 
are just a few examples of agricultural applications of flaming that have 
been or are being investigated.14 

11.12. Principles of Selective Flame Weeding. The differentiation in burn¬ 
ing depends upon the weeds being small and tender and upon the crop plants 
having stems that are resistant to the intense heat and being tall enough so 
that flame directed at the ground in the row will not strike the leaves or other 
tender parts. Since large clods or ridges of soil are likely to deflect the flame 
up into the row, it is essential that the tops of the plant beds be as flat and 
smooth as possible. Accurate control of the flame path with respect to the 
ground surface in the row is important. 

To be most effective, flame weeding must be done when the weeds and 
grasses are not over 25 to 50 mm [1 to 2 in.], tall. The theory of selective 
flaming is that the heat intensity (fuel rate) and the exposure time are ad¬ 
justed so that enough heat is applied to the weeds and grasses to cause ex¬ 
pansion of the liquid in the plant cells and consequent rupture of the cell 
walls but not enough heat to cause actual combustion. Thus, the effect of 
flaming may not become fully apparent until several hours after the opera¬ 
tion has been performed. 

Tests in cotton have indicated that the length of exposure time, as deter¬ 
mined by the forward speed, has more effect upon crop damage (and weed 
control) than does fuel rate.3,15 Forward speeds are usually 4.8 to 6.4 km/h 
[3 to 4 mph].11 

11.13. Row-Crop Applications. By far the greatest amount of research 
and the most extensive applications of selective flaming have been in cotton. 
Control of weeds and grasses in the row is a serious problem in some areas, 
particularly in relation to the effects on mechanical harvesting. Cotton is 
well-suited to flame weeding, although it is likely to be damaged if flamed 
with conventional equipment before the plants reach a height of 180 to 200 
mm [7 to 8 in.].3-11 

Interest in flame weeding of cotton (and other crops) increased during the 
1950s but declined in most areas during the mid and late 1960s as the use and 
effectiveness of pre-emergence and post-emergence herbicides increased. 
The principal area employing flaming in cotton to any appreciable extent in 
the early 1970s was the mid-south states, where certain kinds of broadleaf 
weeds and vines in the row cannot bp controlled satisfactorily with 
chemicals.11 

The most effective utilization of flaming is as one component of an overall 
weed-control system. Until the crop plants become large enough to with¬ 
stand the flame, weeds and grasses in the row must be controlled by other 
means such as pre-emergence and post-emergence herbicide applications. 
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Flaming and shallow cultivation of cotton are usually carried on as a com¬ 
bined operation during midseason. Sweeps are used to clear the middles of 
weeds and the flames are directed to destroy the small weeds and grass in the 
rows. The operation is repeated at frequent intervals, since flaming is most 
effective when the weeds are small. Periods of extended rainfall may result in 
weed infestations becoming so thick and vigorous that flame weeders will 
not be effective in cleaning the rows. Flaming alone is used if weed control is 
necessary during the latter part of the season after the cotton has been “laid 
by” (i.e., cultivation discontinued) and until the first bolls open. 

Flame weeding usually has no significant effect on cotton yields.3,15 Fuel 
requirements are 35 to 55 L/ha [4 to 6 gal/acre] per flaming. Three to five 
flamings may be needed in addition to the early herbicide applications. 
Equipment for flame weeding is more expensive than equipment for 
chemical weed control, but there is no problem of toxic residues and a 
broader range of weeds can be controlled. Flaming requires more trips 
through the field than does chemical control and the procedure is less well- 
defined. Whereas mechanical cultivation tends to stir up a new set of weed 
seeds each time, neither flaming nor chemical control methods do this. 

Crops such as corn, soybeans, and grain sorghum can also be flamed 
without adverse effects. Research has indicated that flaming corn in the 
Midwest, if properly done in conjunction with other weed-control methods, 
does not reduce yields.10 Flaming usually should not begin until the corn is at 
least 250 mm [10 in.] tall. However, if a severe weed infestation exists when 
the corn is not over 50 mm [2 in.] tall, all the vegetation in the row can be 
flamed off and the corn will recover with no measurable effect on yield.10 
Soybeans should not be flamed until they are at least 250 mm [10 in.] tall 
nor while they are blooming or setting pods. 

11.14. Components of a Flame Weeder. Present-day burners operate on 
LP (liquified petroleum) gas, which is usually propane or a mixture of 
butane and propane. These fuels exist in the gaseous state at ordinary at¬ 
mospheric pressure and temperatures but liquefy when subjected to 
moderate pressures. Thus LP gas is stored and handled in pressurized tanks 
as a liquid, and at normal temperatures the tank supplies the pressure 
needed by the burners. Absolute vapor pressures of butane and propane, 

respectively, are 152 and 634 kPa at 10°C [22 and 92 psi at 50°F], 262 and 
986 kPa at 26.7°C [38 and 143 psi at 80°F], and 421 and 1462 kPa at 
43.3°C [61 and 212 psi at 110°F]. 

Two general types of burners are employed. One type, known as a liquid 
burner or self-vaporizing type, has a vaporizing tube on top of the burner 
housing. The other type employs a separate vaporizer connected to the trac¬ 
tor engine cooling system. The basic components of a system having vapor 
burners are shown in Fig. 11.9. Fuel rates of 7.5 to 15 L/h [2 to 4 gal/h] per 
burner are typical. One configuration of a vapor burner is shown in Fig. 



250 PRINCIPLES OF FARM MACHINERY 

Fig. 11.9. (a) Essential features and approximate proportions for a flat burner, and recom¬ 

mended placement of burners with respect to a row of cotton. (b) Basic components of a 

typical LP-gas fuel system employing vapor burners. 

11.9a. A properly designed burner should produce a broad, thin flame that is 
steady and well-controlled.3 

Although mechanical cultivation is generally employed to control weeds 
in the middles, devices are available for flaming the middles between flat- 
planted rows. These usually consist of two standard burners with the flame 
directed downward and rearward under a low metal hood that covers the 
width to be flamed.12 

A flame weeder developed at the Iowa Agricultural Experiment Station in 
1966 flames both the rows and the middles in flat-planted crops and protects 
the crop plants by means of an air-curtain heat barrier.7’8 This design is 
intended to be less sensitive to ground-surface irregularities than conven¬ 
tional cross flaming and to permit flaming when the crop plants are smaller. 

Burners for flame weeding are usually supported on skids hinged to a rear- 
mounted tool bar (usually one skid per middle) or on parallel-link arrange¬ 
ments having gage wheels. In a combined flaming and cultivating operation, 
burners are attached to the independently gaged cultivator gangs. Accurate 
control of the burner height with respect to the ground surface in the crop 
row is essential for best results, especially when the plants are small. Guide 
coulters are needed for lateral stability, as on rear-mounted cultivators. 

11.15. Burner Placement and Flaming Practices. The usual arrangement 
of burners is with two staggered burners directed across each row from op- 
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posite sides (cross flaming). The optimum burner placement is influenced to 
some extent by the type and size of crop and the type of burner. Recommen¬ 
dations of different manufacturers may vary somewhat. Typical recommen¬ 
dations for flat burners in cotton12 are indicated in Fig. 11.9a. The burners 
may be set at 45° or as flat as 30°.3 Under normal conditions the flame 
should strike the ground about 50 mm [2 in.] from the row center, on the 
near side. The burners are staggered along the row to prevent any flame in¬ 
terference that might cause deflection upward into the foliage of the crop 
plants. 

Parallel flaming may be employed for small plants and crops with low 
resistance to flaming.2-12 The burners are placed almost parallel to the row 
on each side, 75 to 125 mm [3 to 5 in.] from the row center. The burner out¬ 
lets are 100 to 150 mm [4 to 6 in.] above the ground surface and are directed 
downward at about 45° toward the rear. Only the cooler edges of the flame 
contact the crop plants. Pre-emergence (and sometimes post-emergence) 
chemical herbicide band treatments are needed to control early weeds in the 
row. As the crop plants develop more flame resistance, the burners may be 
directed more toward the row or cross flaming is employed. The Iowa air- 
curtain flame weeder mentioned in the preceding section is essentially a 
parallel flamer. 

11.16. Water-Spray Shields for Flaming. Water-spray shielding for the 
crop plants was developed at the Arkansas Agricultural Experiment Station 
and first field tested in 1968.11 Shielding is accomplished by mounting a con¬ 
ventional fan-type spray nozzle about 50 mm [2 in.] above the burner 
mouth and directing it so the spray discharge is parallel with the flame. The 
spra1^ crosses the row about 40 mm [1 Vi in.] above ground level. The 
recommended nozzle sizes have discharge rates of 0.5 to 0.7 L/min [Vs to 3/i6 
gpm] of water at the recommended pressures of 410 to 480 kPa [60 to 70 
psi]. The smaller size applies 84 to 94 L/ha [9 to 10 gal/acre] at a speed of 
6.4 km/h [4 mph] with a row spacing of 102 cm [40 in.] and half this amount 
per hectare at 12.8 km/h. 

Water-spray shielding causes a drastic reduction in air temperatures 
above the spray (i.e., above 40 to 50 mm [IV2 to 2 in.] height in the row), 
thereby greatly increasing the versatility of flaming. Smaller plants can be 
cross flamed safely. Cotton plants only 100 to 125 mm [4 to 5 in.] tall are not 
damaged if the beds are smooth and uniform and the burners precisely 
guided.11 Larger plants can be flamed at high speeds with large-flame bur¬ 
ners. Water-shielded burners have given effective weed control in cotton at a 
speed of 13 km/h [8 mph], with no damage to cotton leaves higher than 100 
mm [4 in.] above ground level.11 Standard-size burners with water shielding 
can be operated at slower-than-normal speeds (e.g., 3.2 km/h [2 mph]) 
where weed infestations are heavy. The development of water shielding has 
caused renewed interest in flame weeding of cotton. 
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PLANT THINNING 

11.17 Reasons for Thinning. With some row crops, such as sugar beets, 
many vegetables, and cotton, emergence rates are generally low and rather 
unpredictable because of the inability to control all the pertinent factors. It 
is common practice with these crops to plant a considerable excess of seed 
and then to thin the plants to the desired stand after emergence. Ideally, it 
would be desirable to eliminate the thinning operation by planting to the 
desired final stand. Evidence indicates that, with cotton, it is possible in 
many cases to do this without affecting yields adversely. 

11.18. Methods of Thinning Plants. Blocking or thinning of row crops 
may be accomplished by hand methods, with mechanical devices, with 
flame, or with chemicals. Hand thinning is basically a selective operation but 
is tedious work, is costly, and involves high peak labor requirements. 
Mechanical or chemical thinning devices may be either random or selective. 

Prior to about 1965, all commercially available thinners were random 
stand reducers. Selective mechanical and chemical thinners were introduced 
in the 1960s and, although much more expensive, are rapidly replacing ran¬ 
dom thinners in crops such as sugar beets. 

Random blockers or thinners alternately remove all plants for a specific 
distance along the row and then skip a specific length of block. They take 
out weak or strong plants indiscriminately and may leave multiple plants or 
no plants at all in the block skipped. They do, however, give a reasonably 
consistent and predictable average reduction in stand. Uniformity of dis¬ 
tribution of plants along the row is important. Selective thinners leave the 
first plant encountered beyond a predetermined minimum distance from the 
preceding retained plant. Becker1 has developed a method for predicting the 
probable distribution of plant spacings before thinning and after either ran¬ 
dom or selective thinning, in terms of percent emergence. 

11.19. Random Blockers and Thinners. Random mechanical thinning is 
generally done with down-the-row thinners but may be done by cross block¬ 
ing with machines that operate across the rows. Cross blocking is accom¬ 
plished by cross cultivation with sweeps, knives, or other cutting tools of the 
proper width mounted on a cultivator tool bar so as to give the desired 
widths of cuts and skips. Cross blocking is suitable only for flat-planted 
fields. Depth control is not as good as with down-the-row thinners. 

Down-the-row random mechanical thinners may be of the power-driven 
rotary type (driven from the tractor PTO or from a ground wheel on the 
thinner), power-driven oscillating type, or direct ground-driven type. The 
axis of rotation of a power-driven cutting head often is parallel to the direc¬ 
tion of travel. Various arrangements of blades are employed. Blades may be 
adjustable or removable, or interchangeable cutting heads are provided, to 
obtain the desired lengths and spacings of skipped blocks. Power-driven 
rotary units usually have individual depth-gage wheels. 
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travel, (b) Paths of successive blades with respect to the row. (Peripheral relations “unwrapped” 

onto a horizontal plane.) 

A direct ground-driven thinner rotates because of contact with the ground 
and must be operated with its axis at some acute angle from the direction of 
travel, as shown in Fig. 11.11. Adjustable or interchangeable blades may be 
mounted on the ends of spokes or merely project radially outward from a 
circular mounting plate, or a disk may have cut-outs between peripheral sec¬ 
tions that act as blades.9 

A large-diameter rotary thinner gives less variation in depth of cut across 
a specified band width than does a smaller wheel, thus permitting a little 
more variation in steering accuracy. 

Chemical or flame random thinners have metal boxes or hoods at regular 
intervals on a wheel or conveyor. These cover the blocks or spaces to be skip¬ 
ped while the flame or chemical spray is applied continuously along the row. 
These types of thinners have been employed only to a very limited extent. 

11.20. Action of Rotary, Down-the-Row, Random Thinners. The vector 
diagram in Fig. 11.10a indicates the general velocity relations for a rotary 
thinner and Fig. 11.106 shows the paths of successive blades with respect to 
the row. The various symbols are defined as follows: 

Vf = 

Vb = 

yr = 

e = 

a = 
D = 
N = 
S = 
b = 
L = 

Lc = 

Ls = 

forward velocity of machine 
peripheral velocity of blade with respect to the machine 
resultant velocity of blade with respect to the row, at bottom of 
blade travel 
angle between plane of rotation and direction of forward travel 
angle between Vr and direction of forward travel 
diameter of cutting head 
number of blades on cutting head 
blade spacing around periphery = ttD/N 
effective blade length (projection perpendicular to Vr) 
center distance between blocks in the row 
length of row cut out 
length of row skipped (length of block) 
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Fig. 11.11. Schematic representation of a 

direct ground-driven thinner, showing velocity 

relations at lowest point of blade travel. 

Since a blade rotates through the peripheral distance S' in the same time 

that the machine moves forward a distance L, it follows that 

V„ NVb 

From the geometry of Fig. 11.106 it can be shown that 

and 

Lc_ b 

L S sin (d + a) 

As _ j _ Lc 
L L 

(11.1) 

(11.2) 

(11.3) 

Angle a can be determined graphically, as indicated in Fig. 11.10a. 

If the axis of rotation is parallel to the line of travel, 6 is 90° and equation 
11.2 becomes LJL = b/S cos a. 

When a rotary thinner is driven by direct contact with the ground, the 

direction of skidding (along Vr) must be approximately along the axis of 
rotation as shown in Fig. 11.11, assuming there is no appreciable rotational 

resistance in the bearing and axle assembly. The sum of 6 + a is then 90°, 

which makes LJL = b/S (from equation 11.2). Also, it may be seen from 

Fig. 11.11 that Vb/Vj= cos 6, so that equation 11.1 becomes L = S/cos 6. 
11.21. Determination of Required Setup for a Random Thinning 

Operation. Adjustment of a random thinner depends upon the desired plant 

spacing and desired percent stand reduction. The spacing is determined by 

the number of blades and the ratio between the rotor speed and the forward 

speed (equation 11.1). When a down-the-row random thinner is run over the 

field once, the theoretical average percentage of plants left, in terms of the 

stand just before the operation, is 100 X LJL. Factors affecting Ls /L are in¬ 
dicated in equations 11.3 and 11.2. 
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The ratio of the desired final number of plants per unit of area or row 

length to field counts of the average existing stand indicates the percentage 

of plants to be retained. If more than half of the plants are to be removed, a 

twice-over sequence is sometimes used for sugar beets. The second operation 

is done with narrower knives than used for the first time over and with more 

cuts per metre (usually twice as many). The percentage ratio of the final 

stand to the initial stand is then 

R = 100 (Ls,/L,)(Ls2/L2) (11.4) 

11.22. Selective Mechanical or Chemical Thinning.5 Between 1966 and 

1969, four different models of electronic, selective thinners (sometimes 

known as synchronous thinners) became commercially available in the 

United States. Three were newly developed and one had been available 

previously in Germany. Each of these has a sensor that detects the first plant 

occurring beyond the pre-selected minimum distance from the preceding 

plant that was retained. The sensor controls knives or a chemical spray in 

such a manner that intervening plants are killed and each selected plant is 
saved. 

Two basic types of sensing devices have been employed. In one type, the 

selected plant completes an electric circuit to ground when an electrically 

charged probe contacts it, thus activating a circuit controlling the device 

which eliminates the unwanted plants. Measurements on several kinds of 
crop plants indicated that plant resistances are in the order of 2 to 10 

megohms.6 The other type of system employs a phototransistor (electric eye) 

and light source, aimed across the row just above the soil surface, to detect 

the plant to be saved. 

The four models have distinctly different methods of eliminating the un¬ 

wanted plants. One of the machines employing a probe sensor has a 

hydraulically powered knife that is hinged along an axis directly above the 

row and swings across the row once at a high rate of speed, in front of the 

probe, each time it is activated. The recommended cutting depth is about 6 
mm [lA in.]. The length of the knife determines the minimum plant spacing. 

As the machine moves down the row, the probe senses the first plant en¬ 

countered beyond the cut-out section and again activates the knife. No 

memory device or timing device is needed. 

The German unit has a rapidly rotating hoe wheel with eight L-shaped 

knives and with its axis directly above the row (Fig. 11.12). The knives are 

tangentially hinged to the hub and are held in the working position by 

latches that restrain spring-loaded plungers. The row is hoed continuously 
except when a plant is to be saved. Immediately ahead of the rotor is a sens¬ 

ing probe (visible below the hub in Fig. 11.12). A ground-driven timing 

wheel drives a disk in the electrical control box that deactivates the probe af¬ 

ter each cycle and reactivates it when the predetermined minimum plant 

spacing has been traversed. 
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Fig. 11.12. Hoeing head ot a German-made 

selective thinner. (H. Fiola.5) 

Fig. 11.13. Under-cutting knives and electric- 

eye sensor on a selective thinner. One of two 

canted leaf-lifter wheels is shown at right. 

(Courtesy of Eversman Mfg. Co.) 

When the probe contacts the next plant encountered after being reac¬ 

tivated, the signal causes a solenoid at the rotor to unlatch the knives. The 

spring action then swings the knives rearward and inward so they pass above 

the plant to be saved. When the desired length has been skipped, the solenoid 

is de-energized and cam action returns the knives to their normal, latched 

positions. 

The third design (Fig. 11.13) has two narrow knives that swing in from 

either side of the row, move along in momentarily stationary positions with 

respect to the frame, and undercut the plants to be removed. Plant selection 

is accomplished with an electric eye, and spacing is determined with a time- 

delay switch. Prior to the selection of a plant, the rear knife is in the row. 

When the system is activated by the signal from the electric eye, the rear 

knife withdraws from the row and the front knife simultaneously enters it, 

the spacing between the knives establishing the block to be skipped. After 

the rear knife is past the block, it re-enters the row and the first knife 
withdraws. 

The fourth thinner also employs an electric eye to sense the plant to be 

saved, but it kills the unwanted plants by spraying a chemical on them. The 

spray is shut off while the nozzle is passing over the selected plant. None of 

the soil in the row is disturbed. Precise and positive shutoff of the spray, with 

no drift, is necessary to prevent damaging the saved plants. Another selec¬ 

tive, chemical thinner, employing a probe sensor, has been developed and 

tested experimentally in England.4 Sugar beet yields were comparable with 
those from hand thinning. 

The greatest initial use and development of selective thinners has been in 
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sugar beets, presumably because this is the largest-area crop that requires 

thinning. Other crops that have been selectively thinned include cabbage, 

broccoli, cauliflower, lettuce, and cotton.5 

A complete thinner includes 4 to 8 or more individually gaged row units 

clamped onto a tool bar or a bed sled. An accurate guidance system is im¬ 

perative, especially for the thinners having mechanical cutters. 

Recommended operating speeds range from 2.4 to 4 km/h [1 Vi to 2xh mph] 

for the thinners with mechanical cutters and up to 6.4 km/h [4 mph] for the 

electro-chemical thinner. 

For accurate gaging and consistent results, the soil in the row in a band at 

least 20 cm [8 in.] wide must be firm and smooth and have a consistent 

profile shape. In some cases it is necessary to roll the beds a few days before 

thinning in order to attain a smooth, clod-free surface. Minimum plant spac¬ 

ing should be at least 50 to 65 mm [2 to 2Vi in.]. Otherwise, there may be 

doubles in some of the skipped blocks. The rows should be essentially weed- 

free at the time of thinning, or the weeds must be small in relation to the 

crop plants. The optimum plant height for thinning varies somewhat with 

different machines and different conditions, but is usually between 40 and 

100 mm [11/2 and 4 in.] for sugar beets. 
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PROBLEMS 

11.1. The front gangs and the rear gang of a row-crop cultivator are 3.7 m apart and are 

lifted by 2 cylinders connected in parallel to a single control valve. Pressure sequence valves 

(Section 4.7) in the line to the rear cylinder provide automatic delayed lifting and lowering of 

the rear gang. The total lifting time of the front gangs at rated engine speed is 1% s. 

(a) At what forward speed (with rated engine speed) would the resulting delay be the proper 

amount? 

(b) If the amount of delay is correct at rated engine speed, how would the delay distance be 

affected if the engine is throttled to two-thirds speed when approaching the end of the rows? 

11.2. (a) Calculate the fuel cost per hectare for cross flaming cotton at 6.5 km/h. Each bur¬ 

ner uses 11 L/h of fuel costing 110/L. Row spacing is 102 cm. Assume that the field efficiency is 

80% and that the burners are off for 10% of the total field time. 

(b) How many hectares per hour can be covered with a four-row machine? 

11.3. Design the disk blade for a disk-type down-the-row thinner that is driven directly by 

contact with the ground and which will leave 75-mm blocks on 250-mm centers. Select a disk 

with a diameter that is a multiple of 50 mm (300, 350, 400, etc.). To permit easy passage of 

clods and trash and give good clearance for the crop plants, the cut-out notches should be at 

least 50 mm wide (measured circumferentially) and at least 75 mm deep (radially). The depth of 

cut at either edge of a 100-mm-wide band down the row should be within 13 mm of the depth at 

the center of the band. Calculate this difference for your design. The angle between the face of 

the disk and the line of forward travel should not exceed 40°. Specify the value of this angle 

used in your design. Draw a face view of the disk, to scale, showing all pertinent dimensions. 

11.4. The average initial-stand count in a field of sugar beets is 28 hills per 2.5 m of row. The 

desired average final stand is 10 hills per 2.5 m. The following cutting units are available for a 

power-driven, down-the-row, random thinner: 10-knife head with Lc = 50 mm, 10-knife head 

with Lc = 38 mm, 20-knife head with Lc = 25 mm, and 20-knife head with Lc= 13 mm. The 

cutting head makes one revolution per metre of forward travel. Recommend the head to be used 

in each operation of a twice-over sequence, and calculate the probable average final stand for 
this combination. 
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Applying Fertilizers and 
Granular Pesticides 

12.1. Introduction. Fertilizers are applied to the soil to increase the 
available supply of plant nutrients (principally nitrogen, phosphorous, and 
potassium) and thus promote greater yields or better crop quality. The use of 
commercial fertilizers has increased steadily during recent years, with nearly 
34 Tg [38 million tons] being applied to United States crops in 1969." Uni¬ 
form distribution and proper placement in the soil have become increasingly 
important as factors in producing maximum crop response at minimum 
cost. 

This chapter considers methods and equipment for applying commercial 
(chemical) fertilizers and granular pesticides. Application rates for granular 
pesticides are low in comparison with fertilizing rates, and distribution re¬ 
quirements are different, but the general problems and basic principles of the 
equipment are similar. 

12.2. Types of Commercial Fertilizers and Application Methods. Dry fer¬ 
tilizers are applied in connection with practically every kind of Field opera¬ 
tion performed in the production of crops. Some of the application methods 
for dry fertilizers are as follows: 

1. Broadcasted before plowing, or placed at the plowing depth by a dis¬ 
tributor on the plow that drops fertilizer in each furrow. 

2. Deep placement with chisel-type cultivators. 
3. Broadcasted and mixed into the soil (or drilled into the soil) after plow¬ 

ing and before planting. 
4. Applied during the planting operation. 
5. Side-dressing applications on growing row crops (generally during a 

cultivating operation) or broadcasted top dressings on solid-planted 
crops. 

6. Drilled into established pastures and other sods with special equip¬ 
ment. 

Application rates of 225 to 560 kg/ha [200 to 500 lb/acre] per treatment 
are common, but rates may be as high as 1100 kg/ha [1000 lb/acre]. 
Where large amounts of fertilizer per hectare are needed for row crops, a 
portion of the total amount is often broadcasted and plowed under or 
worked into the soil prior to planting. 

259 
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Anhydrous ammonia (NH3) contains 82% nitrogen, is the least expensive 

source of nitrogen, and is widely used. It is a water-soluble gas at normal 

temperatures and atmospheric pressure but must be stored and handled as a 

liquid under pressure, in special cylinders or tanks similar to the LP-gas 

tanks required for flame weeding. The gage vapor pressure of liquified am¬ 

monia is approximately 860 kPa at 24°C and 1720 kPa at 46°C [125 psi at 

75°F and 250 psi at 115°F]. 
Anhydrous ammonia is classified as a high-pressure liquid fertilizer. Plant 

nutrients can also be applied as low-pressure liquids or nonpressure liquids, 

the principal forms being aqua ammonia, solutions containing other 

nitrogen compounds in combination with ammonia, aqueous solutions of 

solid nitrogen compounds or other nutrients, and liquid mixed fertilizers. 

Aqua ammonia is a solution of ammonia in water. The fertilizer grade 

usually contains 1 part ammonia to 3 parts water, which gives 20.5% 

nitrogen. A saturated solution (NH4OH) would contain 40% nitrogen. 

Aqua ammonia and other aqueous solutions containing ammonia are low- 

pressure liquids. They must be kept in pressurized containers, but pressures 

seldom exceed 170 kPa [25 psi]. The gage vapor pressure of aqua ammonia 
having 20.5% nitrogen is only 14 kPa at 40°C [2 psi at 104°F] and is —21 

kPa at 32°C [-3 psi at 90°F]. Mixed fertilizers and solutions not containing 

ammonia are nonpressure liquids. 

To prevent losses from vaporization of ammonia, it is essential that 

anhydrous ammonia or low-pressure liquids be injected into the soil in deep 

furrows and quickly covered. Nonpressure liquids do not lose nutrients by 

evaporation and may be applied by any of the methods employed with dry 
fertilizers. 

Liquid fertilizers and dry fertilizers are sometimes applied through irriga¬ 

tion water. Anhydrous ammonia can be introduced into an open irrigation 

supply stream directly from the pressure storage tank, through a metering 

orifice and a hose. Special injection systems have been developed for meter¬ 

ing and introducing low-pressure or nonpressure liquids and dry materials 

into irrigation streams or pipelines. 

Fertilizers dissolved in water may be applied directly to plants as a foliar 

spray, and at least part of the material will be absorbed. The main purpose 

of such an application is to quickly overcome some particular mineral 

deficiency that otherwise would seriously impair the growth or yield of the 

plant. Excessive concentrations of some chemicals will injure the leaves or 

fruit, and spray applications need to be repeated at frequent intervals. 

12.3. Soil Amendments. Materials such as lime and gypsum are not fer¬ 

tilizers but are used to improve the chemical or physical condition of a soil. 

Lime is useful for correcting soil acidity and is the most common commer¬ 

cial soil amendment. It is usually applied before planting and then worked 
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into the soil but it can be applied to a crop at any stage without injury.17 

Either centrifugal broadcasters or drop-type broadcasters are employed. 

Application rates are much higher than for commercial fertilizers, ranging 

from 1.1 Mg/ha [1000 lb/acre] up to several times this amount. 
12.4. Placement of Commercial Fertilizers. Because movement of most 

fertilizers in the soil is very limited, proper placement in relation to the seeds 

or plant roots is important for maximum response and the most efficient 

utilization of the nutrients.' 

Localized placement of fertilizer bands near the seeds at the time of 

planting (rather than uniform distribution over the entire area) favors early 

stimulation of the seedlings and results in more effective utilization of the 

plant nutrients. However, excessive concentrations of soluble nutrients in 

contact with the seeds or small roots may seriously injure the initial roots or 

even impair germination. Best results with most row crops have been ob¬ 

tained when the bands were 25 to 75 mm [1 to 3 in.] below the level of the 

seed and spaced 40 to 100 mm [1 Vi to 4 in.] laterally from the row on one or 

both sides.17 
Band placement during row-crop planting is accomplished with ap¬ 

plicators that are independent from the seed furrow opener and are ad¬ 

justable both vertically and laterally. Double-disk, single-disk, and runner- 

type openers, similar to seed furrow openers, are commonly used. The fer¬ 

tilizer opener usually precedes the seed furrow opener but may be immedi¬ 

ately behind it. Limiting the application to a single band per row simplifies 

the implement and causes less disturbance of the seedbed. 
Fertilizer-grain drills often deliver the fertilizer through the seed tube, 

placing it in direct contact with the seeds in the furrow. Tests have indicated, 

however, that when high-analysis fertilizers are applied at relatively high 

rates, germination and yields may be adversely affected if the fertilizer is in 

contact with the seed.13,20 Separate disk openers are sometimes provided 

behind the seed openers to permit placing the fertilizer to one side of the seed 

row and below it. Some drills deliver the fertilizer through separate tubes 

and deposit it behind the seeds in the same furrow after some soil has fallen 

in on top of the seeds. This arrangement does not always provide good 

separation, and having the fertilizer above the seed level tends to reduce its 

effectiveness.13 

Fertilizers applied as row-crop side dressings are of most immediate 

benefit when placed in moist soil within the root zone, but excessive 

mechanical destruction of the root system must be avoided. Side dressings 

are usually applied in conjunction with a cultivating operation. The fertilizer 

is generally dropped in furrows opened by regular cultivator shovels but it 

can be placed at other locations or depths with separate, narrow-shovel 

openers or chisels. 



262 PRINCIPLES OF FARM MACHINERY 

APPLICATION OF DRY COMMERCIAL FERTILIZERS 

12.5. Types of Equipment. In general, the various distributors for dry fer¬ 

tilizer may be classified as those that broadcast the material onto the surface 

of the ground and those designed for placing the fertilizer in rows or bands 

beneath the surface. Equipment for row or band placement includes (a) at¬ 

tachments for row-crop planters or cultivators, (b) special open-field fer¬ 

tilizer drills, and (c) combination units such as the fertilizer-grain drill. 

Drop-type or full-width-feed broadcasters have metering devices spaced at 

regular intervals (usually about 150 mm [6 in.]) along the full length of a 

hopper. Implements of this type are suitable for spreading either fertilizer or 

lime. Some have furrow openers available for band placement below the soil 

surface and can be used for side-dressing row crops by plugging part of the 

outlets. Drop-type broadcasters are usually pull-type implements 2.4 to 3.7 

m [8 to 12 ft] wide, but are also available as mounted units and as attach¬ 

ments for various types of open-field tillage implements. 
Centrifugal fertilizer broadcasters are similar to centrifugal seeders in 

that the material is metered from a hopper and distributed laterally by one 

or two horizontally rotating, ribbed disks. Some mounted centrifugal broad¬ 

casters can be used for either seeding or fertilizing. The use of bulk trucks 

and pull-type bulk handling equipment for broadcasting fertilizers and lime 

is a common practice. Most of these units employ centrifugal spreaders, 

primarily because of the compactness and simplicity in comparison with 

trough-type distributors. Non-uniform lateral distribution is a problem, but 

the availability of fertilizer formulations with large granules and reasonably 

close size tolerances has increased the potential for obtaining acceptable dis¬ 

tribution patterns. 

Fertilizers are broadcasted by aircraft in certain areas, particularly on rice 

and the small grains and on hilly pasture lands. Approximately 1.6 Mha [4 

million acres] were fertilized by aircraft in the United States in 1962, the 

majority of this being rice fields in Texas, Arkansas, Louisiana, and Califor¬ 

nia.28 In 1967, over 3.4 Mha [8'/2 million acres] in New Zealand, mostly hilly 

pasture, were fertilized by aircraft at an average rate of about 280 

kg/ha [250 lb/acre].28 Aircraft fertilization is most likely to be employed 

where large areas are involved and/or where it is impractical to do the job 

with ground equipment (as on flooded rice fields or rough terrain). The same 

equipment is used for fertilizing and for seeding. Equipment and operating 
procedures are discussed in Section 12.11. 

12.6. Design Parameters. The basic performance parameter for a fer¬ 

tilizer distributor is uniformity of distribution over a wide range of condi¬ 

tions. For drop-type units or band placement, uniformity is determined 

primarily by the performance of the metering devices. With centrifugal 

broadcasters or airplane broadcasters, lateral spreading must also be con¬ 
sidered. 
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The metering device should have a positive dispensing action with fer¬ 

tilizers covering a range of drillabilities. (Drillability has been defined as the 

ease with which a fertilizer flows.18) It is desirable that the discharge rate be 

proportional to the forward speed of the implement so the application rate 
per hectare will be independent of speed. 

The discharge rate should be independent of the depth of fertilizer in the 

hopper and of reasonable inclinations of the distributor. The design should 

be such that there are no appreciable cyclic variations in discharge rate. The 

rate should be adjustable in small increments and should have a definite rela¬ 

tion to a suitable reference scale provided on the unit. Parts should be ac¬ 

curately made so multiple units will have equal delivery rates. 

The metering device should be easy to empty and to disassemble for 

thorough cleaning. Many fertilizers are corrosive and will tend to “freeze” 

rotating parts if even small amounts are left in the distributor and become 

moist or wet. To facilitate emptying, hoppers should be mounted so they can 

be easily tipped or completely removed, or they should have hinged or 

removable bottoms. 

Corrosion-resistant materials should be used where feasible, and par¬ 

ticularly for the working parts. Fiberglass is being employed increasingly for 

hoppers. Stainless steel, particularly types 302 and 304, provides excellent 

corrosion resistance,25 but is expensive. It is sometimes used for the metering 
components. When metal coatings (galvanizing, terne plate, etc.) are used, 

the effect of abrasion, followed by corrosive action after the coating has 

worn away, is a problem. In laboratory tests,25 galvanized coatings had 

corrosion rates greater than those of bare carbon steels in some fertilizers. 

Cast iron is no better than carbon steel in regard to corrosion resistance,25 

but a cast part can tolerate more corrosion than a thin steel part before 
becoming functionally unsatisfactory. 

12.7. Metering Devices. Many different types of metering devices for 

dry fertilizers have been developed through the years in attempting to obtain 

a consistent and uniform metering action under the wide variety of condi¬ 

tions encountered in distributing commercial fertilizers. Some of the princi¬ 

ples employed in present-day distributors are described in the following 

paragraphs. The rotating members of these metering devices are generally 

driven from a ground wheel. Row or band placement units are automatically 

disengaged or engaged when the planter or cultivator is raised or lowered, 

either by having the ground-drive wheel (such as a planter press wheel) 

raised and lowered with the implement or by means of an automatic feed 

clutch. 

The star-wheel feed (Fig. 12.1) was developed many years ago and is used 

on some grain drills and a few row-crop side-dressing attachments. Each 

wheel carries fertilizer through a gate opening into the delivery compart¬ 

ment. Fertilizer carried between the teeth of the feed wheel falls into the 
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Fig. 12.1. Star-wheel feed on a grain drill. Note the adjustable-height gate above each wheel. 

delivery tube by gravity, while material carried on top of the wheel is scraped 

off into the delivery opening. The discharge rate is controlled by raising or 

lowering a gate above the wheel. Two or more speed ratios are often 

provided. Each wheel is driven through a set of bevel gears, from a feed shaft 

beneath the hopper, and has a shear pin to give protection if the wheel 

becomes blocked with caked fertilizer or other solid objects. 

Metering devices for some row-crop attachments have horizontal, 

rotating bottom plates that fit up against the stationary bottom ring of the 

hopper base (Fig. 12.2). The discharge rate is controlled by an adjustable 

gate over a side outlet. Note that the unit shown in Fig. 12.2 has 2 outlets, 

thus permitting application of 2 bands from one hopper. 

Auger-type metering devices are illustrated in Fig. 12.3 and 12.4. The type 

shown in Fig. 12.3 has a close-fitting auger tube and the auger has a rela¬ 

tively large displacement per revolution. The loose-fitting or floating-auger 

Fig. 12.2. A rotating-bottom metering device. Fig. 12.3. A metering device with close-fitting 
(Courtesy of International Harvester Co.) auger. (Courtesy of John Blue Co.) 



APPLYING FERTILIZERS AND GRANULAR PESTICIDES 265 

Fig. 12.4. Two arrangements of metering devices with loose-fitting augers. Left: For row-crop 

attachments. Hopper shown tipped forward for emptying. (Courtesy of White Farm Equipment 

Co.) Right: For row-crop attachments or drop-type broadcasters. (Courtesy of Barber 

Engineering.) 

arrangement shown in Fig. 12.4 left is a relatively recent development that is 

widely used on row-crop attachments. The inside diameter of the tube is 

perhaps 13 mm [Vi in.] greater than the auger diameter. Each of the two 

auger sections moves the material toward one end of the hopper, where it is 

discharged from the end of the tube or drops through an outlet opening. One 

hopper serves two rows. Augers are easily removable for cleaning. 
Figure 12.4 right shows a variation of the loose-fitting-auger principle in 

which the material enters the auger tube from the top instead of from the 

end, is transported a short distance through the tube, and is then discharged 

from a bottom outlet. The tube assembly forms the bottom of the hopper 

and is removable. A series of openings along the tube provides multiple out¬ 

lets for row-crop use or for drop-type broadcasters. With any of the auger- 

type distributors, the discharge rate is adjusted by changing the speed ratio 

between the auger and the ground wheel. 
An edge-cell, positive-feed type is shown in Fig. 12.5. Metering-wheel 

assemblies are spaced as required along the hopper and are driven by a com¬ 

mon shaft. Rotor widths ranging from 6 mm to 32 mm^in. to 114 in.] are 

employed for different rate ranges. The discharge rate for a given rotor is 

controlled by changing the rotor speed. 
Belt-type metering devices are sometimes employed where relatively high 

discharge rates are required, as on potato planters and centrifugal broad¬ 

casters with large hoppers. Some units have a flat wire belt (usually stainless 

steel) that drags the material along the hopper bottom (Fig. 12.6) and others 

employ rubberized-fabric belts. The discharge rate is controlled by an ad¬ 

justable gate above the belt. The discharge can be split into two or more 

streams if desired. 
Stationary-opening metering devices are common on drop-type broad¬ 

casters (Fig. 12.7). The rate is controlled by adjusting the size of the open¬ 

ings. A rotating agitator breaks up lumps and moves the material across the 
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Fig. 12.5. An edge-cell, vertical-rotor 

metering device. 

Fig. 12.6. A wire-belt metering device on a 

centrifugal broadcaster. (Courtesy of Deere & 

Co.) 

openings to assist in feeding and to minimize the effects of fertilizer head 

changes as the hopper empties. Centrifugal broadcasters having hoppers of a 

size that can be tapered down to a small bottom area usually employ 

stationary-opening metering devices. 

Some grain drills and drop-type broadcasters have arrangements in which 

impeller wheels or fluted rolls on a feed shaft in the hopper, partially covered 

by a baffle plate, convey the material to the discharge openings in a more 

positive manner than the action of a conventional agitator. In the impeller- 

wheel arrangement, the material is moved around the bottom of the housing 

periphery and discharged through adjustable openings located behind the 

impellers and somewhat above the lowest point of the housing. When fluted 

rolls are employed, they drag the material across bottom openings, the dis¬ 

charge rate being adjusted by changing the speed ratio between the feed shaft 

and the ground wheels. With either of these two arrangements, the flow 
stops automatically when the rotor stops. 

12.8. Factors Affecting Discharge Rates. Some present-day metering 

devices have a positive action in dispensing part of the flow but also depend 

partly upon gravity. A star-wheel feed, for example, has a positive action on 

the material carried between the fingers but depends partly on gravity for the 

flow through the gate opening above the top of the wheel. Stationary- 

opening arrangements (Fig. 12.7) depend largely upon gravity. Auger feeds, 

belt feeds, and cell-type units are essentially positive-displacement devices. 

Discharge rates from metering devices that are not positive-acting are 

materially affected by the type and condition of the fertilizer and by 
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Fig. 12.7. Stationary-opening metering devices on a drop-type broadcaster. (Courtesy of Avco 

New Idea Div., Avco Corp.) 

operating conditions, the extent of the effects being related to the degree of 

dependence upon gravity flow. Mass rates of all types of distributors are af¬ 
fected by the apparent specific gravity of the material. 

One of the important factors affecting discharge rates is the drillability of 

the fertilizer. The drillability or ease of flowing is affected by such factors as 

the hygroscopicity of the fertilizer, the relative humidity at which it is stored, 

the size and shape of particles, presence of lumps, the bulk density, and the 

compaction characteristics of the material.18 Great strides have been made 

by fertilizer manufacturers in recent years in providing uniformly sized 

granular or prilled* formulations that flow readily and resist bridging and 

caking. Some materials, however, still have relatively poor drillability under 

normal conditions and others are adversely affected by storage and 
moisture. 

In a large number of tests with a star-wheel feed unit from a grain drill, all 

made with the control gate raised about one-third way, Mehring and Cum- 

ings18 found a definite relation between the kinetic angle of repose of the fer¬ 

tilizer and the discharge rate, as indicated in Fig. 12.8. They concluded that 

the drillability of a fertilizer is inversely proportional to the angle of repose 

and that fertilizers with angles of repose greater than about 55° cannot be 
metered satisfactorily with most types of equipment. 

The discharge rate for a metering unit with positive volumetric 

displacement would not be affected appreciably by the angle of repose, 

provided the material flows freely enough to fully load and unload the dis¬ 

placement member. Closing the gate of the star-wheel feed would tend to 

reduce the slope of the curve in Fig. 12.8 because the positive-acting portion 

"would become relatively more important. 

*In the prilling process (used primarily for urea), spherical pellets are formed by dropping 

molten material from a tower. The pellets are screened and those not within the desired size 
range are recycled. 
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Fig. 12.8. Relation of delivery rate to angle of repose of the fertilizer, for a star-wheel feed with 

the gate opening at about one-third of the maximum. (A. L. Mehring and G. A. Cumings.18) 

Mehring and Cumings also found that with a free-flowing material (35° 

angle of repose), depth in the hopper had little effect on the discharge rate of 

belt-type and auger distributors. With the star-wheel and rotating-bottom 

types, there was little variation at depths greater than 75 to 100 mm [3 to 4 

in]. Tilting the star-wheel or rotating-bottom hoppers 10° toward the dis¬ 

charge opening increased the discharge rate by 11 to 21% because of the in¬ 

creased effect of gravity. A 10° tilt in the opposite direction decreased the 

rate by 11 to 15% as compared with the level rate. 

Lee and Karkanis15 determined the effect of rotor speed upon discharge 

rate for drop-type broadcasters with 3 types of metering devices, using 2 

kinds of fertilizer. One fertilizer, identified as 10-10-10,* had angular parti¬ 

cles with 50% retained on a No. 14 Tyler sieve, a bulk density of 1040 kg/m3 

[65 lb/ft3], and a 37° angle of repose. The other fertilizer, which was urea, 

had spherical particles (prilled) with 60 to 80% retained on a No. 14 sieve, a 

bulk density of 740 kg/m3 [46 lb/ft3], and a 33° angle of repose. Tests were 

conducted at rotor speeds representing forward speeds of 4.0, 7.2, and 10.5 

km/h [2.5, 4.5, and 6.5 mph]. 

With stationary-opening metering units, the discharge rate at each of 3 

settings increased only about 25% when the speed was increased 80% (from 

4.0 to 7.2 km/h) and 15 to 30% when the speed was increased an additional 

45% (from 7.2 to 10.5 km/h). Thus, increasing the speed reduced the ap¬ 

plication rate per hectare. The volumetric rate was about 90% greater with 

the urea than with the 10-10-10, presumably because of a difference in flow 

*In this designation, the three numbers represent percentages by mass of nitrogen, 

phosphoric acid (P205), and potash (K20), respectively. 
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characteristics and the effects of gravity. With a star-wheel feed, the 

volumetric discharge rate at each of three settings increased in direct propor¬ 

tion to the speed (giving a constant rate per hectare) and was the same for 

both fertilizers. 
The third distributor had a series of right-hand-wound and left-hand- 

wound wire coils on a horizontal shaft that moved the fertilizer to nonad- 

justable openings in the hopper bottom. The action probably was similar to 

that of an auger like the one shown in Fig. 12.4 right. The rate with each fer¬ 

tilizer increased in direct proportion to the speed, but the volumetric rates 

with the 10-10-10 fertilizer were about 15% greater than with the urea. 

The discharge rates from metering devices such as belts and cell-type 

units, which have essentially positive displacement, would be expected to be 

about proportional to speed. 
12.9. Factors Affecting Uniformity of Distribution. Cyclic variations due 

to the design of the metering device are the principal cause of irregular dis¬ 

tribution of free-flowing fertilizers. The fingers of a star-wheel feed give 

definite impulses of delivery, as indicated in Fig. 12.9. Likewise, the auger 

feed tested by Mehring and Cumings18 (probably similar to Fig. 12.3.) had a 

rather pronounced cycle corresponding to one revolution of the auger. When 

either of these devices metered fertilizer that had a 48° angle of repose, some 
305-mm [1-ft] increments received about 4 times as much fertilizer as did 

other increments. 

Distonce , metres (feet) 

Fig. 12.9. Uniformity of distribution in relation to distance traveled, for 2 types of distributors, 

when metering a fertilizer that had a 48° angle of repose. Each point represents the total 

delivery in a 305-mm [1-ft] increment of travel. (A. L. Mehring and G. A. Cumings.18) 

Southwell and Samuel26 tested star-wheel feeds on a drop-type broad¬ 

caster with fertilizers having 33° and 37° angles of respose and found max¬ 

imum rate variations from the mean of only 5 to 14%. However, the outputs 

from individual wheels were collected in pairs so the variations would tend to 

cancel or be reduced if the wheels happened not to be in phase. 
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Cyclic variations with augers of the type shown in Fig. 12.4 probably 

would be relatively small because of the small displacement per revolution. 

Tests by Southwell and Samuel with a spiral-coil distributor and the 2 fer¬ 

tilizers described in the preceding section showed an average rate variation 

of 8% from the mean. The cell-type device shown in Fig. 12.5 would tend to 

produce cyclic variations, especially at low rotational speeds. Belt-type units 

and rotating-bottom units have no inherent cycling characteristics. 

Stationary-opening arrangements can have some cyclic tendencies due to the 
action of the agitator. 

Fertilizers with a large angle of repose are delivered unevenly regardless of 

the type of metering device, because the material does not flow freely. Mehr- 

ing and Cumings18 found that all distributors they tested had wide variations 

in flow rates with a fertilizer having a 54° angle of repose. Devices with no 

inherent cyclic characteristics had relatively small variations with a fertilizer 
having a 48° angle of repose. 

Machine vibrations, jolts, and inadequate slope of delivery tubes are fac¬ 

tors that can produce variations in uniformity of distribution in the field. 

These all tend to become more serious as the angle of repose of the material 
is increased. 

With a drop-type broadcaster, differences between average outputs from 

individual outlets affect transverse uniformity. Southwell and Samuel found 

variations between units that amounted to 20 to 31% from the mean for the 

stationary-opening distributor, 8 to 27% with the star-wheel feed, and 6 to 
17% with the spiral-coil distributor. 

12.10. Centrifugal Broadcasters. A broadcaster with a single spinner is 

shown in Fig. 12.6. Two counter-rotating spinners are often employed, the 

rotation being such that the adjacent sides move rearward. When a dual¬ 

spinner machine has a belt-type metering device, the stream is usually split 

with an inverted, V-shaped divider. When stationary-opening metering 

devices are employed, separate openings are provided for the two spinners 

and the lower part of the hopper has an internal, V-shaped divider. Spinner 

blades may be radial, forward-pitched with respect to the radius, or 

rearward-pitched, and may be either straight or curved. Forward-pitched 

blades give greater carrying distances for free-flowing materials and 

rearward-pitched blades unload sticky material (e.g., moist lime) more 
readily. 

Cunningham6 has developed rather complex equations of motion for a 

particle moving outward along a blade, for three basic spinner configura¬ 

tions. The discharge velocity and the angular displacement of the spinner be¬ 

tween the time of particle delivery to the spinner and particle discharge from 

the spinner can be predicted from these equations. His equations indicate 

that the discharge velocity and the angular displacement are a function of 

spinner outside radius, the angle of the blade with respect to the radius 
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(blade pitch), the radial distance at which the particle is delivered to the spin¬ 

ner, the spinner rotational speed, and the coefficient of fertilizer-to-blade 

friction. Particles deposited on the spinner at different locations 

theoretically will leave the spinner at different angular locations and with 

different velocities, thus providing lateral distribution. Alternate blades on a 

spinner may have different pitch angles or different shapes to improve 

distribution.7 

Cunningham assumed a particle would immediately be accelerated to the 

angular velocity of the spinner and would then slide outward along the blade. 

Inns and Reece,14 in analyzing the motion of a particle, assumed the particle 

would bounce at the initial impact with the blade but would be essentially 

sliding after the third impact. 

Particle trajectory equations which include air-resistance effects comple¬ 

ment the theoretical spinner equations and provide a rational method for 

calculating the distribution pattern width.6 Several investigators have 

developed trajectory equations.6,19,24 Reints and Yoerger24 developed a 

general set of equations and used an analog computer solution to obtain tra¬ 

jectory curves and drag-coefficient curves for several sizes of plastic spheres, 

seeds, and granular fertilizers. Experimental verification checked the predic¬ 

ted horizontal distances within 10% in most cases. The horizontal distance is 

influenced by the particle size, density, and shape. Larger particles of a given 

density carry farther than smaller particles. The components of a dry blend 

may have different distribution patterns if the particles have different 

physical characteristics, thus causing separation of the materials. Wind also 

affects the carrying distance and, hence, the distribution pattern. 

Uniformity of application is influenced by the shape of the pattern from 

the spreader and by the amount of overlap. Most patterns from centrifugal 

spreaders can be approximated by one of the shapes shown in Fig. 12.10.9 

Fig. 12.10. Typical, generalized, lateral distribution patterns for centrifugal spreaders. 



272 PRINCIPLES OF FARM MACHINERY 

Pyramid and flat-top patterns give uniform distribution if they are sym¬ 

metrical, straight-sided, and overlapped as shown. The pyramid pattern 

allows more leeway for driving error. Humped and oval patterns are un¬ 

desirable from the standpoint of uniformity, but patterns of the shapes 

shown would give reasonably uniform distribution if the swath width were 

not over 40% of the overall pattern width.9 Reed and Wacker23 developed a 

laboratory setup for measuring patterns with trays 305 mm [1 ft] wide 

pulled past a stationary spreader and developed a computer program to 

determine the coefficient of variation as a function of the amount of overlap. 

They could then determine the optimum overlap for any pattern and the con¬ 

sequences if the amount of overlap varies from the optimum. 

To obtain an acceptable pattern, spreaders should be adjustable to com¬ 

pensate for different materials and large changes in the flow rate.9 Patterns 

tend to be less uniform at high rates than at low rates.9,23 Operating 

parameters that may be adjustable are the location at which the material is 

delivered onto the spinner, rotational speed, and the pitch of the blades. 

Perimeter driving around the field helps compensate for an unsymmetrical 

pattern, whereas back-and-forth driving amplifies the effect.23 

12.11. Aircraft Broadcasting. For many years, Stearman-type biplanes 

(used by the U.S. Army and Navy as trainers during World War II) were the 

predominant type of Fixed-wing aircraft employed for applying agricultural 

chemicals and seeds. Since the 1950s they have gradually been replaced by 

new models designed or adapted for agricultural use. Current models are 

mostly low-wing monoplanes, although some are biplanes. Engine sizes of 

170 to 450 kW [230 to 600 hp], maximum pay loads of 500 to 1100 kg [1100 

to 2400 lb], and working speeds of 130 to 190 km/h [80 to 120 mph] are 
typical. 

Fertilizers are usually applied from heights of 9 to 15 m [30 to 50 ft], the 

lower heights being preferable under windy conditions. Large granule sizes 
minimize pattern distortions due to cross winds. Swath widths depend upon 

the release height, the distribution pattern, and the required amount of 

overlap. Flagmen stationed at each end of the field guide the pilot on each 

pass. Bulk handling and mechanical loading devices make it possible to fill 

the hoppers on an airplane within a minute or less. Since the cost of applying 

the material is related to the mass rate per hectare, the use of high-analysis 

fertilizers is desirable to keep the total cost per hectare at a minimum. 

Ram-air spreaders, located in the propeller blast beneath the fuselage, 

have been employed for many years. A spreader of this type consists of an 

air scoop, a venturi or restricted-throat section where the material is in¬ 

troduced, and a diverging section with dividers to give the proper lateral 

velocity components to the material being carried by the air streams. Many 

different designs of ram-air distributors have been developed. Most of those 

for spreading fertilizers or seeds are 910 to 1140 mm [36 to 45 in.] long, have 
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a throat 610 to 760 mm [24 to 30 in.] wide and 150 to 200 mm [6 to 8 in.] 

high, and have a discharge area at least twice the throat area.3 The discharge 

angle for the outer sections is usually at least 45° from the line of travel. 
Many of the ram-air spreaders give a trapezoidal pattern with a fairly flat 

top so that reasonably uniform distribution can be obtained with proper 

overlap at swath widths of 12 to 14 m [40 to 45 ft].3,21 However, as the 

material flow rate increases, the air velocity through the spreader is 

decreased and there is less energy available to accelerate the particles. Con¬ 

sequently, distribution patterns are poor for application rates greater than 

about 280 kg/ha [250 lb/acre].28 This application rate represents a discharge 

rate of about 900 kg/min [2000 lb/min]. Another limitation of ram-air dis¬ 

tributors is the high aerodynamic drag or power requirement, which can 

amount to 48 kW at 145 km/h [65 hp at 90 mph] and may cause problems in 

mountainous terrain.28 
The use of centrifugal spreaders with either one or two vertical-axis spin¬ 

ners has increased since the early 1960s. These are commonly driven with 

hydraulic motors, although wind-driven models have been made. The princi¬ 

ples are the same as for ground-rig units except that considerably higher 

rotational speeds are needed to obtain adequate lateral velocity and broad 

patterns. In tests with 457-mm-diameter [18-in.-diameter] single spinners at 

1700 r/min and 11 to 14 m [35 to 45 ft] height, pyramidal patterns about 37 

m [120 ft] wide were obtained with fertilizers and several kinds of grain 

seed.4 This pattern would give reasonably uniform distribution with an effec¬ 

tive swath width of 18 m [60 ft]. A spreader with two 380-mm [15-in.] 
spinners also gave fairly good results at 1400 to 1800 r/min. Smaller- 

diameter spinners produced sharp-peaked, narrow patterns, which are less 

desirable than wider patterns. 
Power requirements for centrifugal spinners are much less than for ram- 

air distributors but may be as much as 15 kW [ 20 hp ] for high flow rates.28 
Lower rotational speeds would require less power but would give narrower 

swath widths. When used for seeding the possibility of seeds being damaged 

by impacts from the high speeds must be considered. The design of the 

system that feeds material onto the spinner is important in relation to the 

pattern produced. 
With a centrifugal spreader, energy utilized in imparting fore-and-aft 

velocity components to the material is wasted. An experimental spreader 

constructed in New Zealand in 1968 imparts only lateral velocities and re¬ 

quires only about 7.5 kW [10 hp].28 This device consisted of two horizontal- 

axis paddle rotors that ejected the material in both lateral outward direc¬ 

tions and a gate that provided free-falling material to cover the central por¬ 

tion of the swath. Preliminary tests at 160 km/h [100 mph] and a height of 

18 m [60 ft], applying a granulated superphosphate at a rate of 335 kg/ha 

[300 lb/acre], produced a pattern about 24 m [80 ft] wide and indicated 
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that good uniformity could be obtained with an effective swath width of 17.7 
m [58 ft].28 

Helicopters are used to a limited extent for fertilizing and seeding in areas 

not well-adapted to fixed-wing aircraft operations, such as rugged, hilly 

regions remote from suitable landing strips. Hourly operating costs are 2 to 

3 times as great as for fixed-wing aircraft, but the productivity is also greater 

because of shorter ferry distances, less turning time, and less loading time.27 

Centrifugal spreaders have given good results on helicopters.3’4 

Some helicopters have 2 side-mounted hoppers, each holding 135 to 225 

kg [300 to 500 lb] of fertilizer. An alternative that is gaining in popularity is 

a self-contained hopper and distributor powered by its own remotely con¬ 

trolled small engine or by a hydraulic motor driven through quick- 

disconnect hoses from the helicopter hydraulic system.4 The unit is 

suspended from a hook on a sling beneath the helicopter. If two self- 

contained units are used, the empty one can quickly be exchanged for a full 
one each time. 

APPLICATION OF LIQUID FERTILIZERS TO THE SOIL 

12.12. Nonpressure Liquids. Nonpressure liquids (defined in Section 12.2) 

can be applied directly to the soil surface, as on pastures and other solid- 

planted crops. Broadcast applications may be made with spray equipment 

similar to that employed for pesticides. Tank materials include mild steel, 

stainless steel, aluminum, and fiberglass, the choice being influenced by the 

kinds of fertilizer to be handled. Band applications of nonpressure liquids 

are sometimes made during a row-crop planting operation or as later side 

dressings, instead of using dry fertilizers. Nonpressure liquid fertilizer at¬ 

tachments are available for many planters, usually with one fiberglass tank 

provided for each two rows. Furrow openers and band locations are the 

same as for dry fertilizers except that the openers have small tubes which dis¬ 
charge the liquid close to the furrow bottom. 

The simplest metering arrangement for nonpressure liquids is gravity flow 

through fixed orifices. Row-crop attachments employing this system have 

metering units that contain a sediment bowl, a filter, one or two orifice disks 

with a range of orifice sizes, and a quick-shutoff valve. Unless the tank 

elevation is large in relation to its depth, or bottom venting is employed, 

head changes will cause appreciable variations in flow rate. Bottom venting 

(inverted syphon) is obtained by having the tank sealed so air can enter only 

through an open tube that runs from the top of the tank to a point inside the 

tank near the bottom. The height of the bottom end in relation to the orifice 

then establishes the liquid head. This tube may be attached to a sealing-type 

filler cap. With a given orifice size and head, the application rate per hectare 
is inversely proportional to the forward speed. 
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A simple type of metering pump developed at the Tennessee Agricultural 

Experiment Station in the 1940s, commonly known as the squeeze pump, is 

used on many nonpressure liquid applicators. The basic arrangement is 

shown in Fig. 12.11. Units are available with as many as 20 tubes, each 

serving one applicator outlet. At low pressures (i.e., gravity head to the 

pump), this type of unit tends to give positive displacement. Since it is 

ground-driven, the volume from each tube is proportional to the forward 

travel. The application rate is adjusted by changing the speed ratio between 

the reel and the ground wheel. 

Fig. 12.11. A simple metering pump for non- Fig. 12.12. An applicator blade for anhydrous 

pressure liquids. ammonia. 

12.13. Anhydrous Ammonia and Low-Pressure Liquids. With anhydrous 

ammonia, aqua ammonia, and other low-pressure liquids, it is essential that 

the material be released in narrow furrows at a depth of at least 10 to 15 cm 

[4 to 6 in.] and covered immediately to prevent escape of ammonia. A 

typical, narrow applicator blade is shown in Fig. 12.12. The liquid is dis¬ 

charged from holes in the sides of the delivery tube near the lower end. A 

loose, friable soil with adequate moisture is important for good sealing and 

for adsorption of ammonia on the soil particles. Under some conditions, 

presswheels, covering shoes, scrapers, or other covering devices should 

follow immediately behind the applicators. 
Since the release and subsequent vaporization of anhydrous ammonia is 

actually a refrigeration process, the applicators must be designed so the 

furrow opener and standard will not be chilled sufficiently to cause a buildup 

of ice and soil on them. To promote sealing of the furrows, the applicator 

blades should shed trash freely and the soil should flow smoothly around 
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them. Spring-trip or coil-spring standards are often employed where there is 

danger of encountering obstructions in the soil. 

Both mounted and pull-type implements are available for applying 

pressure liquids. Tank sizes range from 0.23 to 0.38 m3 [60 to 100 gal] on the 

smaller mounted units to 3.8 m3 [1000 gal] or more on some 4-wheel 
nurse trailers pulled behind ammonia applicators. With anhydrous am¬ 

monia, the vapor pressure in the tank can be used to discharge the liquid 

through a pressure-regulating valve and fixed orifices. This is the simplest 

and most common metering arrangement, but a constant forward speed 

must be maintained. 

Ground-driven, variable-stroke piston pumps are also employed for 

metering anhydrous ammonia. The discharge rate is controlled by changing 

the stroke and is proportional to the forward speed. Anhydrous ammonia 

flows from the tank through a small heat exchanger in which it is cooled to 

condense any gas bubbles, through the pump where it is further cooled by the 

partial vaporization accompanying a reduction in pressure, back through the 

heat exchanger to cool incoming liquid, into a dividing manifold, and finally 

into the various delivery tubes. Metering pumps of this type give excellent 
performance but are expensive. 

Low-pressure solutions are usually metered by being forced through 

restrictions in a distribution manifold. The application rate is controlled 

primarily by the pressure and the forward speed. A wide variety of pumps is 

employed, including centrifugal, gear, roller, piston, and others. Air com¬ 

pressors are sometimes employed to pressurize the tank through a pressure 

regulator. Variable-stroke piston pumps designed for anhydrous ammonia 

are also suitable for low-pressure solutions. 

APPLICATION OF GRANULAR PESTICIDES 

12.14. Soil-Application Methods for Pesticides. Pre-plant or pre¬ 

emergence soil applications of herbicides in bands 18 to 36 cm [7 to 14 in.] 

wide are used extensively for many row crops. Pre-plant herbicides may be 

applied as a separate operation or immediately ahead of the planting units in 

a combined treatment-planting operation. Pre-emergence herbicide applica¬ 

tions (after planting but before emergence) are usually made in conjunction 

with the planting operation, after the seeds have been covered. Insecticides 

are often applied during the planting operation, the material being deposited 

in the furrow with the seeds. Fungicides are sometimes placed in the seed 
furrow. 

Pesticides may be applied to the soil either as liquids or impregnated on 

granular carriers. One common granular carrier is processed from the 

mineral, attapulgite, which is a chemically inert, naturally absorbent, 

crystalline clay. Common size ranges are from 16/30 mesh to 30/60 mesh 
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(U.S. standard sieves).* Other types of carriers include palygorskite, expan¬ 

ded mica, bentonite, perolite, and tobacco.8 Liquids are applied with conven¬ 

tional spray equipment (Chapter 13). Granular materials are applied with 

specially developed metering devices and spreaders which are discussed in 

the following sections. 

Granular formulations eliminate the need for hauling water and for the 

mixing required with spray applications, and drift is not a problem. The ap¬ 

plication equipment is less expensive and more trouble-free, but granular 

materials are more expensive than liquids. Granular applications of 

pesticides tend to have greater persistence or longevity than liquids. Poor 

metering uniformity along the row and poor lateral distribution of her¬ 

bicides are the principal problems with granular applications. Also, meter¬ 

ing devices must be calibrated for each different material and for different 

operating conditions, whereas spraying rates can be determined from nozzle 

ratings and pressures. 
With some herbicides and under some soil conditions, mixing the material 

uniformly into the top few centimetres of soil improves the reliability and 

consistency of the results. Theoretically, soil incorporation can be done 

either before or after planting. Seed placement depth is the limiting factor 

for incorporating behind the planter, because the mixing must not disturb 

the seed. Pre-plant incorporation is usually done to a depth a little greater 

than the planting depth, often in a combined operation. If either the depth or 

the band width is greater than needed, the concentration of herbicide in the 

soil is reduced. If the mixing is too shallow, weeds may germinate below the 

treated layer and survive. 
Uniform mixing of the chemical within the desired incorporation zone is 

important for the most effective results. Ground-driven attachments such as 

tined rotors, paddle wheels, open-mesh wheels, rotary-hoe units, and reels 

are sometimes employed and are reasonably satisfactory in well-prepared, 

light soils. Powered rotary tillers, however, do a more uniform mixing job, 

especially in the heavier soils. Most ground-driven devices incorporate only 

to about half the stirring depth, often leaving most of the chemical in the top 
25 mm [top inch]. Mixing characteristics of tillage implements are discussed 

in more detail in Section 9.11. 
12.15. Granular-Pesticide Metering Devices. Application rates for 

granular pesticides are relatively low, usually ranging from 3 to 55 kg/ha [3 

to 50 lb/acre]. The metering devices on most granular-pesticide applicators 
consist of a ground-driven vaned or fluted rotor above an adjustable dis¬ 

charge opening (Fig. 12.13). Hoppers for row crops sometimes have 2 or 4 

* Sieve opening sizes are 1.19, 0.595, and 0.250 mm [0.0469, 0.0234, and 0.0098 in.] for 16-, 

30-, and 60-mesh U.S. standard sieves, respectively. A 16/30 size range means the material will 

pass through a 16-mesh sieve but not through a 30-mesh sieve. 
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Fig. 12.13. Three types of metering devices for granular pesticides, (a) Neoprene fluted roll; (b) 

vane-type short rotor over each opening; (c) full-length vane-type rotor. Adjustable covers or 

slides for discharge openings not shown. 

openings whose outputs can be used separately or combined. Rotors fit 

closely in the hopper bottoms, thus providing positive shutoff when the rotor 

is not turning. This sealing action apparently isolates the discharge opening 

from hopper head effects during operation. Several investigators5,16 have 

found that depth of material in the hopper has little effect upon the discharge 
rate as long as the rotor is covered. 

Ideally, the discharge rate should be proportional to the rotor speed so the 

application rate per hectare will not be affected by forward speed. Tests have 

shown, however, that the effect of speed upon discharge rate is variable, 

depending upon the type of rotor, the size of granules, and other factors. 

Centrifugal force may be a factor both in opposing the filling of the spaces 

between vanes or flutes and in assisting the unloading. The radial depth of 

the pockets influences the time required for unloading, since gravity is a ma¬ 

jor factor. The flow is erratic if the rotor speed is too low. If the speed is too 

high, there may be excessive grinding of the granules. Recommended speed 

ranges for vane-type rotors are usually in the order of 7 to 20 r/min. Fluted 

rotors are sometimes operated a little faster than 20 r/min. 

Some tests with vane-type rotors have shown decreases in discharge rate 

as the rotor speed is increased.5,8 Other tests with the same types of rotors 

have shown a moderate increase (but never proportional to speed).2,16 In 

tests with different granule sizes, the rate tended to increase with speed for 

large granules and to decrease with increased speed when the granules were 

small.8 When a rubber, fluted roll similar to the one shown in Fig. 12.13a 

was tested,2 the discharge rate was found to be nearly proportional to the 

speed between 5 and 15 r/min but there was no change between 25 and 50 
r/min. 
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Results have been reported for one commercially available unit, built in 
England, in which the discharge rate was very nearly proportional to the 
rotor speed throughout the operating range.16 This was a force-feed device 
with a fluted roll, similar to fluted-wheel seed meters (Fig. 10.10) except that 
the discharge rate was controlled primarily by changing the speed ratio be¬ 
tween the rotor and the ground wheels. Three interchangeable rolls, with 
lengths of 13, 19, and 25 mm [V2, %, and 1 in.] were available. Holzhei and 
Gunkel12 developed an experimental spiral-grooved-disk metering device 
that produced discharge rates proportional to speed. 

Tests with vane-type rotors have shown cyclic rate variations 
corresponding to the frequency of the vanes passing the discharge opening. 
With a 6-vane rotor turning at 12.5 r/min and a forward speed of 4.83 km/h 
[3 mph], the length of a cycle would be 1.07 m [42 in.] along the row. 
Various investigators >0.12.16,22 have reported ratios between maximum and 
minimum cyclic rates for 76-mm to 127-mm [3-in. to 5-in.] increments 
along the row that ranged from 2:1 to 5:1. Cyclic variations were increased 
by impacts simulating field operation10 and became more severe as the dis¬ 
charge opening was increased.12 A rotor of the type shown in Fig. 12.13a, 
with a small displacement per flute, should have smaller cyclic variations 
than the vane-type units. 

12.16. Lateral Distribution of Granular Herbicides. Conventional ap¬ 
plicators obtain lateral distribution across the herbicide treatment band 
(usually 18 to 36 cm [7 to 14 in.] wide) by means of fan-shaped spreaders or 
diffusers. Dispersion is obtained with perforated dividers or screens, baffle 
plates, splash pins or spools, or other devices within the fan. Some ap¬ 
plicators employ 2 fans, fed from separate hopper discharge openings, to 
cover a 30 to 36 cm [12 to 14 in.] width. Others have a single fan. Lateral 
distribution is poor with any of the currently available devices. Laboratory 
tests16-22 have indicated irregular distribution patterns, with ratios between 
maximum and minimum discharge rates for 25-mm [1-in.] increments of 
width ranging from 2:1 to 5:1. The experimental spiral-disk metering device 
mentioned in the preceding section had an air-plenum distributor that 
produced a relatively uniform lateral distribution.12 

When lateral variations of currently available applicators are superim¬ 
posed upon down-the-row variations, the overall variations can become 
quite large. Although uniform application is considered highly desirable, 
allowable tolerances and the effects of variations have not been established. 
There is little doubt, however, that application rates could be reduced, 
thereby reducing costs and residue problems, if uniform distribution could 

■ be achieved. 
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PROBLEMS 

12.1. A side-dressing fertilizer unit is to place 2 bands per row on a crop with a 1-m row spac¬ 

ing. It is desired to apply a fertilizer having an apparent specific gravity of 0.85 at a rate of 560 

kg/ha. If the distributor is calibrated by driving the machine forward a distance of 30 m, what 

mass of material should be collected from each delivery tube when the distributor is properly 

adjusted? 
12.2. A distributor for liquid fertilizer has gravity feed through fixed orifices. The tank is 460 

mm deep and is top-vented. The bottom of the tank is 610 mm above the ground and the ends of 

the delivery tubes are 75 mm below ground level. The metering heads (including orifices) are 

just below the tank, but the delivery tubes are small enough so each one remains full of liquid 

between the orifice and the outlet end (thereby producing a negative head on the orifice). 

(a) Calculate the ratio between flow rates with the tank full and with a depth of only 25 mm 

remaining in the tank. 
(b) List three possible changes in the system that would reduce the variation in rates. 
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Spraying and Dusting 

13.1. Introduction. Chemical pesticides have played and will continue to 

play a major role in the rapid advancement of agricultural production. Crop 

quality and yields have been improved and the use of chemical herbicides has 

greatly reduced labor requirements for weed control. But the widespread use 

of pesticides has resulted in some serious environmental and health 

problems. These problems are of direct concern to both the user and the 
equipment designer. 

Drift (aerial transport) from the treated area may result in poisonous or 

toxic chemicals being deposited on adjacent crops intended for either human 

or animal consumption. Some insecticide chemicals, when eaten by dairy 

cows, tend to concentrate in the fats and milk, thereby creating a hazard in 

human consumption of these products.28 Drift of potent herbicides such as 

2,4-D may cause injury to adjacent, susceptible crops. The drift problem is 

most acute for aircraft applications but is also evident when dusting or 
spraying with ground rigs. 

Pesticide residues can also enter the general environment by transport out 

of the treated field on harvested crops, in ground water or surface runoff 

water, and by wind picking up deposited materials. Some pesticides have low 

rates of degradation under natural conditions. Accumulations of chemicals, 

particularly the chlorinated hydrocarbons such as DDT, have been injurious 

to certain wildlife and fish species. Insecticides have in some cases created 

ecological unbalances, destroying predators, parasites, and crop pollinators, 

and generating resistant strains of the insects for which control is needed.28 

Although these problems have existed to some extent for many years, 

there has been a great increase in public awareness and concern about them 

since the early 1960s. Federal and state agencies have adopted tolerance 

specifications indicating the maximum amounts of many specific pesticide 

chemicals permissible on certain crops at the time the crops are offered for 

sale. The use of some chemicals having a low rate of natural degradation has 
been greatly restricted. 

Improvement of application equipment and techniques to permit the ef¬ 

fective use of smaller dosages of chemicals and to reduce drift and harmful 

residues has become increasingly important as one means of minimizing the 
problems associated with the use of chemical pesticides. 

13.2. Types of Equipment and Applications. Present-day agricultural pest 

control equipment includes (a) boom-type field sprayers, (b) high-pressure 

282 
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orchard and general-purpose sprayers (2.75 to 5.5 MPa [400 to 800 psi]), (c) 
airblast sprayers, which utilize an air stream as a carrier for sprays, (d) air¬ 
craft sprayers, (e) granular applicators, (f) ground-rig dusters, and (g) air¬ 
craft dusters. Aerosol generators, which atomize liquids by thermal or 
mechanical means, are widely used for the control of mosquitoes and other 
disease-transmitting vectors, but have only limited application for 
agricultural pest control. 

Among the many uses for the various types of pesticide application equip¬ 
ment are the following: 

1. Application of insecticides to control insects on plants. 
2. Application of fungicides to control plant diseases. 
3. Application of herbicides to kill weeds, either indiscriminately or selec¬ 

tively (Section 11.1). 
4. Application of preharvest sprays to defoliate or condition crops for 

mechanical harvesting (Chapters 17 and 19). 
5. Application of hormone (growth-regulating) sprays to increase fruit set 

or prevent early dropping of the fruit. 
6. Application of sprays to thin fruit blossoms. 
7. Application of plant nutrients (sprays) directly to the plant foliage 

(Section 12.2). 
8. Application of biological materials such as viruses and bacteria, in 

sprays, to control insect pests. 

Because dusts have a much greater drift hazard and lower deposition ef¬ 
ficiency than sprays, most pesticide applications other than granular soil 
treatments are now in the form of sprays, usually water emulsions, solutions, 
or suspensions of wettable powders. Consequently, most of the material in 
this chapter pertains to spraying. The application of granular pesticides to 
the soil is discussed in Sections 12.14, 12.15, and 12.16. 

In recent years there has been a trend toward reduced liquid application 
rates per hectare, using higher concentrations of the active ingredient, 
primarily to reduce the amount of water that must be hauled and handled. 
There has also been some interest in so-called ultra-low-volume (ULV) 
spraying, which is defined as the application of undiluted, technical-grade, li¬ 
quid pesticides (i.e., no water added). Application rates may range from 9 
L/ha [1 gal/acre] to only a few hundred mL/ha.15,30 Grasshoppers and 
cereal leaf beetles have been controlled with ULV aircraft applications of 
Malathion at rates as low as 0.59 L/ha [0.063 gal/acre].28 ULV applica¬ 
tions of several pesticides with a modified airblast sprayer gave excellent 
control of insects and mites in an apple orchard.15 Drift is a serious problem 
because of the fine atomization required for adequate coverage, limiting 
ULV applications to relatively non-toxic materials or to large areas where 
drift is not a hazard. 
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13.3. Specifying Particle Sizes and Size Distributions. Most types of 
atomizing devices produce a wide band or spectrum of droplet sizes under 
any given set of conditions. The range and distribution of droplet sizes, as 
well as some measure of the average size, are important in pesticide applica¬ 
tions. Graphical representation of droplet size distribution provides a con¬ 
venient means of comparing different atomizing devices and different condi¬ 
tions. The data are usually plotted on probability paper. The ordinate is 
some function of droplet diameter (usually the logarithm or the square root) 
and the abscissa is the cumulative percentage of number of droplets, droplet 
diameter, droplet surface area, or droplet volume. The choice of abscissa de¬ 
pends upon what dimension is most important in a particular application. 
Cumulative volume percentage is commonly employed for agricultural 
sprays (Fig. 13.1). Various types of distribution functions have been in¬ 
troduced to mathematically identify droplet size distributions.28 The relation 
between the 15%-volume diameter and the 85%-volume diameter is 
sometimes used. 

12 5 10 20 30 50 70 80 90 95 98 99 
Cumulative volume percentage 

Fig. 13.1 Droplet size distributions, based on cumulative volume, for two sizes of fan-spray 
nozzles. (Spraying Systems Co.23) 

Average droplet size is expressed by one (or more) of several forms of me¬ 
dian or mean diameters. A median diameter divides the spray into two equal 
portions on the basis of number, cumulative length (diameter), surface area, 
or volume. The volume median diameter (VMD), for example, divides the 
droplet spectrum into two portions such that the total volume of all droplets 
smaller than the VMD is equal to the total volume of all droplets larger than 
the VMD. The mass median diameter (MMD), which is sometimes used in 
place of the VMD, is numerically equal to the VMD. The volume or mass 
median diameter and the number median diameter (NMD) are the most 
commonly used parameters for agricultural sprays. The volume median 
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diameter for a given sample is larger than the number median diameter 

because it places relatively more emphasis on the larger droplets. 

The various kinds of mean diameters are based on arithmetic averages of 

diameters, surface areas, or volumes of individual droplets or upon ratios of 

the totals of any 2 of these 3 measures (such as volume/surface, which is the 

Sauter mean). 
Dusters have no direct influence on particle size, except as they affect 

agglomeration of particles during application, but the average size and range 

of sizes can be controlled to some extent by the processor. Size distribution 

is determined by sieving and the average is often expressed as a number me¬ 

dian diameter. 
13.4. Particle Size in Relation to Effectiveness and Drift. The size of parti¬ 

cles is a significant parameter in relation to the penetration and carrying 

ability of hydraulic sprayers, the efficiency of “catch” of sprays or dusts by 

plant surfaces, uniformity and completeness of coverage on plant surfaces, 

the effectiveness of individual particles after deposition, and drift of 

materials out of the treated area. 
Coarse atomization is good for drift control, but more complete coverage 

of the plant surfaces with smaller droplets may give more effective 

control with fungicides, insecticides, and many herbicides. Large droplets, 

however, give satisfactory results with sprays of the translocation type, such 

as 2,4-D. For a given application rate the number of droplets is inversely 

proportional to the cube of the diameter. Thus an application of 10 L of liq¬ 

uid per hectare [1.07 gal/acre] would give only 190 droplets per square cen¬ 

timetre of land area if they were all 100 nm in diameter but would give 1520 

50-^m droplets or 23 800 20-jum droplets. 
Particle size is also important in relation to the ability of the particles to 

impinge upon plant surfaces, especially when carried by an air stream. As an 

Fig. 13.2. Effect of droplet size and velocity of approach upon the dynamic catch of two sizes of 

cylinders. (F.A. Brooks.6) 
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air stream approaches an obstruction, all particles of a particular size will be 

removed from a central portion of the approaching stream but all particles 

of the same size that are outside of this central width will be carried around 

the obstruction. The efficiency of dynamic catch is defined as the percentage 

of the total frontage of approaching air stream (having the same cross- 

sectional area as the obstruction) that is cleaned of droplets of a particular 

size.6 A catch efficiency of 100% for particles of a particular size means that 

air sweeping through the foliage would be stripped of all particles of that size 

only in a cross-sectional area equal to that presented by the foliage. Increas¬ 

ing the size of the particles or the velocity of approach increases the percent¬ 

age of catch because of the greater momentum of the particles (Fig. 13.2). 

The catch also varies inversely with the size of the obstruction (broken-line 
curves in Fig. 13.2). 

13.5. Factors Affecting Drift. Drift is of particular concern when deposits 

of toxic or harmful materials must be avoided or minimized in some or all 

fields near the treated area. The basic parameters affecting drift and deposits 

from drift are the rate of fall of particles, the initial height and other effects 

of the application equipment, wind velocity and direction, atmospheric 

stability, and other meteorological factors. The meteorological relations 

that affect aerial transport of sprays or dusts, and deposits from drift, are 

complex and are beyond the scope of this chapter. However, reference 28 

contains a comprehensive discussion of the various factors affecting drift, in¬ 
cluding analytical considerations and experimental results. 

Size is by far the most important particle property affecting the rate of fall 

and associated drift distances.28 Small particles settle more slowly than large 

particles because the aerodynamic drag forces are greater in relation to par¬ 

ticle mass. For example, the theoretical distances that water droplets would 

be carried while falling 3 m [10 ft] in straight air flow having a uniform 

horizontal velocity of 4.8 km/h [3 mph] would be only 15 m [50 ft] for 100- 

droplets but about 1.6 km [1 mile] for 10-/um droplets.6 In actual 
practice, atmospheric turbulence would cause small particles, such as the 10- 

^m size, to be carried much farther than indicated by the theoretical, nontur- 

bulent relation. Figure 13.3 shows the relation between the volume median 

diameter of deposits and the drift distance for an actual test with a fixed- 
wing aircraft. 

Evaporation of water or other volatile materials from droplets while in 
flight reduces the droplet size and thus adversely affects both deposition ef¬ 

ficiency and drift. The water phase in oil-water mixtures sprayed from air¬ 

craft usually evaporates in about the first hundred metres of drift.29 Small 

droplets evaporate more rapidly than large droplets. At 30% relative 

humidity and 25.6 C [78° F], the theoretical time for a water droplet to be 

reduced to 10% of its initial volume is 0.8 s for a 40-)um droplet and 4.2 s for 
a 100-^m droplet.28 



SPRAYING AND DUSTING 287 

Fig. 13.3. Relation between downwind drift 
deposits and volume median diameter from spray¬ 
ing at a 1.5-m [5-ft] application height with a 
fixed-wing aircraft. The wind velocity at a height 
of 2.44 m [8 ft] was 7.25 km/h [4.5 mph] and the 
temperature inversion between heights of 2.45 m 
and 9.75 m [8 ft and 32 ft] was 2.1°C [3.7°F], 
(H.H. Coutts and W.E. Yates, ><> and personal 

communication.) 

Drift is minimized by employing atomizing devices that produce sprays 

having large volume median diameters. For example, in aircraft tests, total 

drift deposits 305 m [1000 ft] downwind were doubled when the VMD 

produced by the nozzles was decreased from 420 jam to 290 jam,29 With the 

usual types of atomizing devices, increasing the VMD increases the sizes 

throughout the distribution spectrum, thus reducing the number of small 

droplets. However, the increased size of the largest droplets reduces the ef¬ 

ficiency in regard to uniform coverage. Since small droplets are usually 

preferable from the standpoint of coverage and effectiveness, whereas large 

droplets are best in regard to drift, the ideal situation would be to produce a 

spray having uniform-sized droplets or a narrow size spectrum. 

Drift is also influenced by the discharge height and direction and by 

equipment-induced air turbulence and air currents. Aircraft and airblast 

sprayers create considerable air movement. Hydraulic ground-rig sprayers 

have the potential for minimum discharge heights and minimum air tur¬ 

bulence, both of which favor minimum drift.12 
Drift and inefficient deposition are far more serious with dusts than with 

sprays because of the smaller particle sizes. Most commercial dusts have 

number median diameters of 1 to 10 jum.28 Theoretically, a 10-jum dust parti¬ 

cle with a specific gravity of 2.5 would require over 100 s to settle 0.9 m [ 3 

ft ] and a 1-^m particle would require over 3 h.28 Tests have indicated that 

over 70% of the dust applied by airplane may drift away from the treated 

area.6 
13.6. Electrostatic Charging of Dusts and Sprays. Extensive research has 

been conducted over a period of many years on the development and evalua¬ 

tion of equipment for electrostatic precipitation of pesticidal dusts. At least 

two commercial electrostatic dusters have been made available in the United 

States, and there is some use of electrostatic dusters in Europe.21 Techniques 

for charging fine sprays from hollow-cone and pneumatic-atomizing nozzles 

were developed in the 1960s.22 
The primary objective of charging spray or dust particles is to increase the 

percentage deposition on plant surfaces. The electrostatic force generally 
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has no great effect on the large particles and it does not affect the basic tra¬ 

jectory from the application equipment to the target.28 But if a charged par¬ 

ticle reaches the plant or target area and has insufficient inertia to cause im¬ 

pingement, the charge increases the probability of deposition. Charging 

dusts has improved the control of insects and diseases on a number of dif¬ 

ferent crops.9 Charging dusts or sprays has increased deposits on cotton 

plants by ratios of 2 or 3 to one.4,22 The increased deposition efficiency, par¬ 

ticularly for small particles, would reduce the amounts of drift. 

Electrostatic dusters and sprayers are more complicated and more expen¬ 

sive than conventional equipment. A number of practical problems 

regarding their design and their effectiveness over a wide range of at¬ 

mospheric conditions have not been completely solved. 

ATOMIZING DEVICES 

13.7. Types of Atomizing Devices. In general, devices for atomizing liq¬ 
uids utilize one or more of the following principles. 

1. Pressure or hydraulic atomization, which depends upon liquid pressure 

to supply the atomizing energy. The liquid stream from an orifice or a 

nozzle is broken up by its inherent instability and its impact upon the 

atmosphere or by impact upon a plate or another jet. 

2. Gas atomization, in which the liquid is broken up by a high-velocity 

gas stream. The breakup may occur either entirely outside of the noz¬ 
zle or within a chamber ahead of the exit orifice. 

3. Centrifugal atomization, in which the liquid is fed under low pressure 

to the center of a high-speed rotating device, such as a disk, cup, cylin¬ 

drical screen or cage, or brush, and is broken up by centrifugal force as 
it leaves the periphery. 

4. Low-velocity jet breakup, in which a nonviscous, low-velocity stream, 

after emerging from a small orifice or tube, breaks up into a system of 

droplets as a result of external and/or internal disturbances and the ef¬ 

fect of surface tension (sometimes referred to as the Rayleigh-type 
breakup). 

Hydraulic nozzles and low-velocity jet breakup are discussed in Sections 

13.8 and 13.10. Pneumatic-atomizing (two-fluid) nozzles, in which com¬ 

pressed air is employed for atomization, have been used on some special, 

low-volume sprayers because fine atomization can be obtained at low liquid 

pressures. The drift hazard from the extremely fine particles limits the use of 

this type of equipment to applications of relatively nontoxic materials. Some 

European airblast sprayers introduce the liquid into the air stream at a very 
low pressure and rely entirely on air shear to obtain atomization.8 

High-speed rotating cages covered with fine-mesh screen gauze (40- to 80- 
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mesh) have been employed to a limited extent on aircraft, and at least one 

manufacturer has produced airblast sprayers having rotary-screen 

atomizers. Rotary atomizers operating in still air at relatively low liquid 

flow rates can be employed to produce uniform droplets of controlled sizes 

for laboratory studies. But when they are employed on aircraft or on airblast 

sprayers, the rapidly moving air stream affects the atomization process and 

produces droplets having a considerable range of sizes (Fig. 13.5). Volume 

median diameters obtained in aircraft tests of rotary atomizers (50 to 135 

^m)14’32 are relatively small compared with those from the types and sizes of 

hydraulic nozzles commonly used in agricultural spraying. 

13.8. Hydraulic Nozzles. Five types of hydraulic nozzles found on 

agricultural sprayers are illustrated in Fig. 13.4. A sixth type, disk-type 

hollow-cone nozzles, is the same as Fig. 13.46 except that the axial opening 

in the whirl plate is omitted. Removing the whirl plate from Fig. 13.46 

produces a seventh type, namely, a jet or solid-stream nozzle, which is often 

employed on aircraft sprayers. 
In a hollow-cone nozzle, the liquid is fed into a whirl chamber through a 

tangential side-entry passage or through spiral passages in a whirl plate or 

core insert to give it a rotary velocity component. The orifice is located on 

the axis of the whirl chamber and the liquid emerges in the form of a hollow 

conical sheet which then breaks up into droplets.19 With any of the three 

arrangements shown in Fig. 13.4a, 6, and c, various size combinations of 

whirl devices and orifices are generally available. The core-insert type is 

Lead opening 

Slotted 
strainer 

Axial 
opening 

Spiral openings 
in whirl plate/ 

Screen 

Spiral 
grooves 

Orifice 

Milled slot 
across tip 

(a) (b) (c) (d) (e) 

Fig. 13.4. Five types of nozzles found on agricultural sprayers, (a) Side-entry hollow-cone, (b) 

disk-type solid-cone, (c) core-insert hollow-cone, (d) fan-spray, and (e) flooding. Omission of 

the axial opening in the whirl plate of (b) would result in a disk-type hollow-cone nozzle (which 

is more common than the solid-cone type). Screens are seldom used in the larger sizes of 

flooding nozzles. 
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found mainly in small-size nozzles. It is used only to a limited extent in 
agricultural spraying. 

The construction of a solid-cone nozzle is the same as that of a hollow- 

cone nozzle except for the addition of an internal axial orifice (Fig. 13.46). 

The axial stream is atomized and fills in the central section of the hollow- 
cone pattern. 

A fan-spray nozzle of the type shown in Fig. \3Ad has a narrow, elliptical 

orifice formed by the intersection of a slot milled across the face and a 

hemispherical surface cut out from the inside. The liquid emerges as a flat, 

fan-shaped sheet which is then broken up into droplets.19 In a flooding noz¬ 

zle (Fig. 13.4e), liquid emerging through a circular orifice impinges upon a 

curved deflector which produces a fan-shaped sheet having a relatively wide 

spray angle at pressures as low as 70 kPa [10 psi]. Flooding nozzles are often 

operated with the axis vertical, as shown, but may be operated with the axis 
horizontal (spray aimed downward). 

13.9. Hydraulic Nozzle Flow Rates and Spray Angles. Fan-spray nozzles 

and core-insert hollow-cone nozzles are available with water flow rates as 

low as 80 mL/min at 275 kPa [0.02 gpm at 40 psi], but clogging is a problem 

with nozzles this small. Minimum sizes for disk-type hollow-cone nozzles 

and flooding nozzles are about 0.4 L/min at 275 kPa [0.1 gpm at 40 psi]. 

Maximum sizes range from 9.5 to 11 L/min at 275 kPa [2.5 to 3 gpm at 40 

psi] for disk-type hollow-cone nozzles, up to 115 L/min [30 gpm] for fan- 
spray nozzles, and even higher for flooding nozzles. 

In general, the flow rate for a particular nozzle is about proportional to 

the square root of the pressure. For nozzles with geometrically similar 

passages, the discharge rate is about proportional to the orifice area. 

Because core-type hollow-cone nozzles and the smaller sizes of disk-type 

hollow-cone nozzles have an appreciable pressure drop in the whirl devices, 
the flow rate increases more slowly than the orifice area if the whirl openings 

are not enlarged proportionately. With some nozzles the pressure drop 

through the whirl device is low enough that it does not have any great effect 
on the flow rate. 

Fan-spray and hollow-cone nozzles employed on boom-type field sprayers 
generally have spray angles of 60 to 95° (included angle of cone or fan). 

Flooding nozzles of the sizes common in agricultural spraying have spray 

angles of 100 to 150°. Spray angles of most types of hydraulic nozzles 

decrease considerably as the pressure is reduced in the range below 345 to 

520 kPa [50 to 75 psi]. With a given whirl device in a hollow-cone nozzle, in¬ 

creasing the orifice size increases the spray angle because of the greater whirl 
velocity. 

Operating pressures below about 140 kPa [20 psi] are undesirable for 

ydraulic nozzles other than the flooding type because of the small spray 
angles and poor atomization. 
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13.10. Low-Velocity Jet Breakup. This system is of considerable interest 

because of the possibility of obtaining rather uniform, predictable droplet 

sizes, thereby reducing drift. Pressure low enough to produce essentially 

nonturbulent flow (preferably 7 to 35 kPa [1 to 5 psi]) causes liquid to 

emerge from a circular orifice or capillary tube as a cylindrical column or 

filament. At some distance from the orifice, natural or induced disturbances 

and surface-tension forces cause the filament to break up into rather uni¬ 

form large droplets interspersed with occasional satellite droplets that are 

much smaller. The diameter of the main droplets is roughly twice the orifice 

diameter when the breakup is controlled by the natural wave length of the 

liquid column (rather than by externally induced disturbances).20’28 

Minimum droplet size is limited by the difficulty of precisely forming and 

maintaining small orifice holes or capillary tubes. For example, 127-jtm 

[0.005-in.] diameter openings would produce droplets having a nominal 

diameter of about 250 nm. A large number of openings is required, and dis¬ 

persion from each stream is poor. 
A multi-capillary-jet unit for use on helicopters was introduced in the late 

1960s.28 This unit has 3120 capillary tubes on a 7.9-m [26-ft] boom. At least 

2 sizes of openings, with diameters of 0.33 and 0.71 mm [0.013 and 0.028 

in.], have been employed. Operating pressures are less than 14 kPa [2 psi]. 

The boom is mounted well forward and the outlets are aligned 180° 
from the direction of flight to prevent secondary breakup from air shear or 

turbulence. The primary droplet size with the 0.33-mm diameter tubes is 800 

to 1000 ^m.25 The number of satellite droplets at speeds of 48 to 80 km/h 

[30 to 50 mph] seems to be less than with low-speed or stationary operation. 

Low-velocity jets, spaced 64 mm [2*/2 in.] apart, have also been used 

on boom-type field sprayers, employing lateral vibration of the boom or 

rotary oscillation of groups of jets to obtain lateral distribution between the 

jets.28 
It has been demonstrated in the laboratory that extremely uniform, con¬ 

trollable droplet sizes can be obtained from a low-velocity jet if a high- 
frequency pulsation is applied to the liquid just before it enters the orifice or 

as it leaves the orifice.3,20,28 Three ways in which this has been done are by 

vibrating the orifice disk,28 by employing a magnetostrictive* device to in¬ 

duce vibration in the liquid just before it enters an orifice in a rigid plate,20 

and by inducing cyclic pressure pulsations in a small liquid chamber just 

ahead of the orifice.3,25 With any of these systems the rate of droplet forma¬ 

tion is controlled by the excitation frequency, the rate of flow through the 

orifice, and the physical properties of the liquid.3 Multiple-opening orifice 

*Magnetostriction is the cyclic, dimensional change in a nickel rod caused by magnetization 

from an alternating current passed through a coil surrounding a portion of the rod. 
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plates can be used to obtain reasonable flow rates from a nozzle.3,25 Ade¬ 

quate filtering for the extremely small orifices, and the requirement that the 

spray solution be filterable, are practical limitations in regard to field use of 
such a system. 

13.11. Factors Affecting Droplet Size.* The degree of atomization de¬ 

pends upon the characteristics and operating conditions of the atomizing 

device and upon the characteristics of the liquid being atomized. The prin¬ 
cipal fluid properties affecting droplet size in agricultural spraying are sur¬ 

face tension and viscosity. Density has little effect within the range normally 

encountered.28 Increased surface tension increases the size of droplets 
produced by a given nozzle. 

Increased viscosity increases droplet sizes by physically damping natural 

wave formations and thus delaying disintegration.28 Most spray solutions 

have relatively low viscosities, ranging from 1.0 mPa-s [1.0 centipoise] for 
water to 10 mPa-s [10 centipoises] for some weed oils.28 Within this range, 

viscosity differences have no great effect upon the degree of atomization.19 

During the 1960s, however, several thickening agents were introduced that 

greatly increase the viscosities of water-base sprays. Emulsifiers are also 

available which can be used to produce viscous, water-in-oil emulsions 

(known as invert emulsions) with up to 85% water. The objective in using 

these additives is to increase droplet size and thereby reduce drift. 

Invert emulsions and thickened sprays behave as non-Newtonian fluids in 

that the apparent viscosity decreases rapidly as the shear rate is increased.28 

Thus, the mixtures are quite thick in the tank (low shear rate) but nozzles 

producing high shear rates reduce the effectiveness of the additives in regard 

to increasing droplet sizes. Tests have shown that, although the additives in¬ 

creased the volume median diameter, they still produced a broad spectrum 

of droplet sizes. VMD values with a hollow-cone nozzle in a 160-km/h [100- 

mph] air stream were 1250 to 2600 fim with 3 different additives, versus 500 

/*m with no additive.7 When a jet (solid-stream) nozzle was tested, the values 

were 2500 to 7500 /j.m versus 1300 jum.7 Although the larger droplets from 

thickened sprays do significantly reduce drift, increased application rates per 

hectare are required to obtain uniformity of coverage comparable with that 
from normai^yiscosity sprays. 

With any type of hydraulic nozzle, reducing the pressure increases droplet 

sizes (Fig. 13.1). The relationship varies with the type of nozzle, and data 

from various sources are not consistent. In general, reducing the pressure on 

a hollow-cone or fan-spray nozzle by 50%, in the range from 170 to 690 kPa 

[25 to 100 psi], seems to increase the volume median diameter by about 10 to 

30%. 16.23.24.28 There is some evidence indicating that, with disk-type hollow- 

cone nozzles at pressures above 690 kPa [100 psi], the volume me- 

See reference 28 for a more detailed discussion of atomization principles. 
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dian diameter varies about as the inverse square root of the pressure.11,23 

Increasing the orifice size of a hydraulic nozzle increases the volume me¬ 

dian diameter. Doubling the area may increase the VMD by 10 to 30%. 

16,23,24 increasing the spray angle of a fan-spray nozzle, while maintaining 

the same flow rate at a given pressure, usually decreases the VMD. But with 

a disk-type hollow-cone nozzle there is no definite relationship between 

spray angle and the VMD.23 Using a larger orifice and a smaller whirl device 

to maintain a given flow rate increases the spray angle but has no consistent 

effect on the VMD because the increased whirl velocity provides greater 

atomization, thus tending to counteract the effect of the larger orifice. 

As mentioned in Section 13.7, air shear is the primary atomizing force in 

some airblast sprayers and contributes to breakup by rotary atomizers on 

airblast sprayers and aircraft. Air velocity and direction also influence the 

degree of atomization from hydraulic nozzles. Isler and Carlton16 tested 

several types and sizes of nozzles on a fixed-wing airplane, using No. 2 fuel 

oil at 172 kPa [25 psi]. Changing the angle between the nozzle direction and 

the line of flight from 180° (rearward) to 45° (down and forward) 
reduced the volume median diameter by 45 to 50% with fan-spray nozzles 

and by 35% with disk-type hollow-cone nozzles. With any nozzle position 

within this range, increasing the forward speed from 130 to 275 km/h [80 to 

170 mph] reduced the VMD for fan-spray nozzles by 45 to 55%. Changing 

the nozzle angle from 180° to 90° (down) reduced the VMD by about 35% 

with the fan-spray nozzles in these tests16 and with disk-type hollow-cone 

nozzles spraying a 2.8% oil-water emulsion in other tests (Fig. 13.5). 

D8 orifice disk (jet nozzle). 

2.5% Tordon IOI, 207 kPa (30 psi) 

D6-46 hollow -cone nozzle, 2.8% oil 

in water, 276 kPa(40psi). Rated 
4.16 L/ min (I.IOgpm) ot 276 kPa. 
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Fig. 13.5. Droplet size distributions from various types of atomizing devices on fixed-wing air¬ 

craft. (W.E. Yates and N.B. Akesson.28) 
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13.12. Droplet Sizes and Size Distributions. Typical droplet size spec- 

trums for fan-spray nozzles in still air are shown in Fig. 13.1. For a given 

pressure, flow rate, and spray angle, hollow-cone nozzles usually have 

somewhat lower droplet spectrums (smaller droplet sizes) than fan-spray 

nozzles.23 Flooding-type nozzles, however, produce coarser sprays than fan- 

spray nozzles at pressures below about 275 kPa [40 psi].23 

Droplet size distributions for various types of atomizing devices on fixed- 

wing aircraft are compared in Fig. 13.5. Note that all the curves have similar 

slopes and that the jet nozzle produced the largest droplet sizes. The No. 

80005 nozzles and the rotary atomizers would be employed for low-volume 

applications because fine atomization is needed to obtain acceptable 
coverage. 

13.13. Determining Droplet Size Distribution and Uniformity of 

Deposition. Droplet sizes and numbers can be determined by collecting sam¬ 

ples of the spray (containing a dye) on glass slides coated with silicone, 

magnesium oxide, or other similar material or on a glossy-surfaced printing 

paper such as Kromekote or Lustercote.10,14 Correction factors must be ap¬ 

plied to determine the original sphere diameters from the observed sizes of 

stains or impressions. Correction factors vary with droplet size and with the 
physical characteristics of the spray mixture. 

Droplet sizes can be measured directly if the immersion method is em¬ 

ployed. The spray droplets are caught in a shallow dish containing a liquid or 

matrix that permits the droplets to sink at least partially, where they remain 

nearly spherical. A hydrocarbon solvent works well for water droplets.24 A 

cellulose-thickened water solution containing detergent or soap can be used 

for oil droplets. The immersion method is primarily a laboratory technique. 

Sizing and counting the collected droplets or the stains can be done di¬ 

rectly with a microscope, or the samples or photographs of the samples can 

be scanned automatically with an electronic analyzer. The analyzer scans, 

counts, and records the number of droplets in successive size ranges selected 

by the operator. Equipment is available for direct automatic scanning of 

droplets while in flight, in laboratory testing. A stroboscopic light intermit¬ 

tently illuminates the area of spray being analyzed and a scan is made during 
each illuminated period. 

Field measurements of uniformity of distribution are usually made by 

collecting sprayed material on distributed mylar sheets or metal plates.2,10 A 

known concentration of tracer material is added to the spray mixture. The 

material from each collection plate is washed into a specified volume of 

water and the concentration of tracer is measured. Water-soluble fluorescent 

dyes, ordinary dyes, or metallic-salt tracers are employed, the concen¬ 

trations being measured with fluorometers, colorimeters, or atomic absorp¬ 

tion spectrophotometers, respectively. Fluorescent tracers are better than 
ordinary dyes for low spray-application rates. Metallic tracers are more 
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stable in sunlight than are either fluorescent tracers or ordinary dyes. 

Nozzle distribution patterns can be determined in the laboratory by spray¬ 

ing onto a surface that consists of a series of adjacent, sloping V troughs and 

measuring the liquid collected from each trough. 
Uniformity of coverage on plant surfaces can be checked by adding 

fluorescent dyes or insoluble fluorescent materials to the spray and then 

viewing the surfaces with a fluorescent light (ultraviolet, with filter) after 

dark. A permanent record can be obtained by means of ultraviolet 

photography. 

PUMPS FOR SPRAYERS 

13.14. Piston or Plunger Pumps. Positive-displacement pumps found on 

sprayers include piston or plunger, rotary, and diaphragm types. These types 

are self-priming, and they all require automatic (spring-loaded) bypass 

valves to control the pressure and to protect the equipment against 

mechanical damage if the flow is shut off. Piston or plunger pumps are well- 

suited for high-pressure applications such as high-pressure orchard sprayers 

and multi-purpose sprayers that are designed for both high- and low- 

pressure spraying. They are more expensive than other types, occupy more 

space, and are heavy, but they are durable and can be constructed so they 

will handle abrasive materials without excessive wear. 
The volumetric efficiency of a plunger pump in good condition is generally 

high (90% or more), and the discharge rate is essentially a direct function of 

crank speed and volumetric displacement. Crank speeds on the smaller 

sprayer pumps (38 L/min [10 gpm] and less) are mostly 400 to 600 r/min. 
High-pressure sprayer pumps (4.1 to 5.5 MPa [600 to 800 psi]) are usually 

operated at 125 to 300 r/min and have capacities of 75 to 225 L/min [20 to 

60 gpm]. Mechanical efficiencies may range from 50 to 90%, depending on 

the size and condition of the pump. 
13.15. Rotary Pumps. Rotary pumps are popular for low-pressure 

sprayers, the most common types being gear pumps (internal or external) 

and roller pumps (Fig. 13.6). Nylon is a common material for the rollers in 

roller pumps, although rubber, steel, and carbon are also used. In operation, 

the rollers are held against the case by centrifugal force. Rotary pumps of 

these types are compact and relatively inexpensive, and can be operated at 

speeds suitable for direct connection to the tractor PTO. Their pumping ac¬ 

tion depends upon maintaining close clearances between the housing and the 

gears or impellers. Although they are classed as positive-displacement 

pumps, leakage past the rotor causes a moderate decrease in flow as the 

pressure is increased. 
Pressures above 690 kPa [100 psi] are not generally recommended for 

rotary pumps when pumping nonlubricating liquids. Gear pumps are not 
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Fig. 13.6. Left: External-gear pump. Right: Roller-type rotary pump. Reversing the rotation of 

either type interchanges the inlet and the outlet. 

satisfactory for pumping suspensions of wettable powders or any other 

abrasive materials, because of rapid wear and short life. Roller pumps also 

wear rather rapidly under abrasive conditions, but they are better than gear 

pumps in this respect and the rollers can be replaced economically. 

13.16. Centrifugal Pumps. Because pumps of this type depend upon cen¬ 

trifugal force for their pumping action, they are essentially high-speed, high- 

volume devices (especially if high pressures are needed) and do not have 

positive displacement. The pressure or head developed by a given centrifugal 

pump at a particular speed is a function of the discharge rate, as indicated by 

the typical performance curves in Fig. 13.7. Note that the peak efficiency, 

which occurs at a relatively high flow rate, is well above 70% for this par¬ 
ticular unit, whereas .efficiencies at small flows are low. 

eo 

60 ® 

40 

20 

Discharge rate , L/min 

Fig. 13.7. Typical performance curves for a centrifugal pump at a constant r/min. This pump is 

of a size suitable for an airblast sprayer. 
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For a given pump and a given point on the efficiency curve, the discharge 

rate varies directly with the speed, the head varies as the square of the speed, 

and the power varies as the cube of the speed. If two or more stages are con¬ 

nected in series, the head and power at a given discharge rate are increased in 

proportion to the number of stages. Thus, multistaging provides increased 

pressures without increasing the capacity range. 
Centrifugal pumps are popular for certain types and sizes of sprayers 

because of their simplicity and their ability to handle abrasive materials 

satisfactorily. They are well-suited to equipment such as airblast sprayers 

and aircraft sprayers, for which high flow rates are needed and the required 

pressures are relatively low, and are used on many low-pressure field 

sprayers. The high capacities are advantageous for hydraulic agitation and 

for tank-filling arrangements. Speeds in these applications are generally in 

the range between 1000 and 4000 r/min, depending upon the pressure re¬ 

quired and the diameter of the impeller. 

Since centrifugal pumps do not have positive displacement, they are not 

self-priming and do not require pressure relief valves for mechanical protec¬ 

tion. Priming is usually accomplished by mounting the pump below the 

minimum liquid level of the tank or providing a built-in reservoir on the 

pump that always retains enough liquid for automatic priming. 

13.17. Miscellaneous Pumping Systems. Diaphragm pumps are used to 

a limited extent for flow rates up to 19 to 23 L/min [5 to 6 gpm] where re¬ 

quired pressures do not exceed about 550 kPa [80 psi]. Since the valves and 
the diaphragm are the only moving parts in contact with the spray material, 

these pumps can readily handle abrasive materials. 
Small field sprayers have been built with an air compressor to pressurize 

the tank. The spray material then does not pass through the pump, but agita¬ 

tion of the material in the tank presents mechanical problems. The practical 

size of this type of system is limited by the requirement that the tank be 
pressure-tight and able to withstand operating pressures up to 690 kPa [100 

psi] and by the cost of the larger compressors. 

AGITATION OF SPRAY MATERIALS 

Many spray materials are suspensions of insoluble powders or are emul¬ 

sions. Consequently, most sprayers are equipped with agitating systems. 

Both mechanical and hydraulic systems are used. Either type, if properly 

designed, will provide satisfactory mixing. 
13.18. Mechanical Agitation. Mechanical agitation is commonly ob¬ 

tained by means of either flat blades or propellers on a shaft running 

lengthwise in the tank near the bottom and rotating at a speed of 100 to 200 

r/min. The following relations apply to round-bottom tanks with flat, I- 
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shaped paddles sweeping close to the bottom of the tank. They are based on 
results originally reported by French.11 

A 0.422 

sm = 5.39 ^jjrFr93 (13.1) 

A 0.422 

lSm=69.2^TFj>-^ J 

sp = 3.26 X 10~11R05S2S3A1L (13.2) 

[ sp = 1.93 X 10A1R0582S3A1L ] 

where Sm = 

A = 

R = 
L = 

sp = 

minimum peripheral speed of paddles, in metres per minute 
[feet per minute] 

depth of liquid above agitator shaft centerline, in millimetres 
[inches] 

total combined width of all paddles, divided by tank length 
length of tank, in millimetres [inches] 

shaft input kilowatts [horsepower] at any peripheral speed 5 

factor indicating relative difficulty of agitating a given oil- 
water emulsion (hydraulically or mechanically) 

Values of Fe for various oil-in-water emulsions are shown in Table 13.1. 
These were established during tests with hydraulic agitation but are assumed 

Table 13.1. VALUES OF AGITATION FACTOR Fg FOR 

OIL-IN-WATER EMULSIONS 

Percent 

Oil 
Percent 

Water 
Percent 

Emulsifier 
Jet Position 

(Fig. 13.8) 

60 40 0 Emulsion 
50 50 0 
40 60 0 >» 

10 90 0 >■> 

1-2 99-98 0 
40 59.9 0.1 >» 

40 59.9 0.1 W.P. 

*Unpublished data from Yates. Other values are from reference 27. 

0.83 

1.00 
1.00 
0.89 

0.50* 

0.50 

0.68 

to apply reasonably well for mechanical agitation. French’s tests were ac¬ 

tually conducted with an emulsion containing 1 to 2% oil. No data are 

available to indicate mechanical agitation requirements for suspensions of 
wettable powders. 
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Paddle tip speeds in excess of about 150 m/min [500 ft/min] may cause 

serious foaming of some mixtures. For mechanical agitation of emulsions in 

flat-bottom tanks with rounded corners, the minimum tip speed from equa¬ 

tion 13.1 must be multiplied by the factor, 1.22." This increase in minimum 

speed causes the minimum power requirement to be approximately doubled 
(equation 13.2). 

13.19. Hydraulic Agitation. To obtain agitation hydraulically, a portion 

of the pump output is discharged into the spray tank through a series of jet 

nozzles or orifices located in a pipe along the bottom of the tank. The energy 

and turbulence from the jets provide the mixing action. In tests with various 

sizes of cylindrical tanks, Yates and Akesson27 found that best results were 

obtained when the jet nozzles were mounted as shown in Fig. 13.8. The loca¬ 

tion shown for wettable powders was satisfactory for an emulsion containing 

40% oil and 60% water only when a suitable emulsifier was included in the 

formulation. Nozzle spacings from 75 to 710 mm [3 to 28 in.] were satisfac¬ 

tory for oil-water emulsions but should not exceed 305 mm [12 in.] for wet- 
table powders.27 

Jet locations for optimum hydraulic 

(W. E. Yates and N. B. Akesson.27) 

The minimum total recirculation rates for hydraulic agitation in a cylin¬ 

drical or round-bottom tank, based on complete mixing of a full tank of 

material in 60 s, were"found to be as follows:27 

V F 
For oil-water emulsions, Qm = 3830^^- (13.3) 

V F 
[Qm = 1.30^ ] 

V F 
Qm ~ 1380^0 35 

For wettable powders, (13.4) 
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where Qm = 

V = 

FP = 

P = 

[ew= 0.704^f] 

minimum total recirculation rate, in litres per minute 
[gallons per minute] 

tank volume, in cubic metres [gallons] 

factor indicating relative difficulty of agitating a given 
wettable-powder mixture 

pressure at the agitation jet nozzles, in kilopascals [pounds 

force per square inch]. Ordinarily, this will be essentially the 

same as the spray-nozzle pressure. 

The value of F was arbitrarily taken as 1.00 for a mixture of 120 g of wet- 
table sulfur per litre of water [1 lb/gal], since this is a difficult material to 

keep in suspension.27 Values of F for concentrations of 60, 12 and 6 g/L 

[0.5, 0.1, and 0.05 lb/gal] were found to be 0.87, 0.43, and 0.27, respec¬ 

tively.27 Table 13.1 indicates that adding an emulsifier to an oil-water mix¬ 

ture reduces the agitation requirements and also shows that Fe is greater 

when the jets are in the wettable-powder optimum position (Fig. 13.8) in¬ 
stead of the emulsion position. 

From basic hydraulic relations, the hydraulic useful power output re¬ 
quired for any recirculation rate and pressure is 

ph = 1.667 X 10~5 QP (13.5) 

[ Ph Q P 
1714 

] 

where ph = hydraulic power, in kilowatts [horsepower] 

Q = total recirculation rate (not necessarily the minimum required 

for agitation), in litres per minute [gallons per minute] 

It can be shown from equations 13.3, 13.4, and 13.5 that increasing the noz¬ 

zle pressure decreases the minimum flow rate required for agitation, but in¬ 

creases the corresponding power requirement in proportion to F0A4 for oil- 
water emulsions and P065 for wettable powders. 

The principal advantage of the hydraulic system is its simplicity as com¬ 

pared with the mechanism and drive required for mechanical agitation. With 

hydraulic agitation, however, the spray pump must have additional capacity 

and the power requirements will be considerably greater than for mechanical 

agitation, especially at high pressures. For high-pressure sprayers, mechan¬ 
ical agitation is definitely the more economical system. 

HYDRAULIC SPRAYERS 

13.20. Types and Applications. Most hydraulic, ground-rig sprayers 



SPRAYING AND DUSTING 301 

may be broadly classified as (a) boom-type field sprayers with maximum 

operating pressures of 275 to 690 kPa [40 to 100 psi], or (b) high-pressure, 

general-purpose or orchard sprayers with maximum operating pressures 

ranging from 1.7 to 5.5 MPa [250 to 800 psi] but mostly 2.75 to 5.5 MPa 

[400 to 800 psi]. Some high-pressure sprayers are designed primarily for 

orchard spraying, but most of them have booms for field spraying available 

as standard equipment or as an option. Hand guns can be used with high- 

pressure sprayers for specialty jobs such as livestock spraying, individual 

tree spraying, fire control, and machinery cleaning. 
A sprayer must be able to handle many types of materials, including solu¬ 

tions of chemicals in water or oil, suspensions of insoluble materials (wet- 

table powders), various oils, and oil-water emulsions. Many of the materials 

are corrosive. Others are abrasive and result in rapid wear of pumps and 

nozzles. Normal application rates for field spraying are usually 90 to 375 

L/ha [10 to 40 gal/acre] but may range from less than 45 to over 900 L/ha 

[5 to 100 gal/acre]. 
Tractor mounting is popular for sprayers having small tanks, whereas 

larger units are of the two-wheel, trailed type. Sprayers are often mounted 

on skids so they can be placed on trailers or trucks when they are to be 

operated. High-clearance, self-propelled units are available for tall row 

crops. 
13,21. Basic Components of a Hydraulic Sprayer. Figure 13.9 shows a 

typical schematic arrangement for a hydraulic sprayer. Mechanical agita¬ 

tion is usually employed for pressures above 2.1 MPa [300 psi] and 

hydraulic agitation for lower pressures. Tank sizes are usually between 0.2 

and 1.9 m3 [50 and 500 gal]. Most tanks are now lined with, or made of, 

noncorrosive materials such as plastics, epoxies, fiberglass, or stainless steel. 
Sprayers with maximum operating pressures of 275 to 690 kPa [40 to 100 

psi] are usually equipped with centrifugal, roller, or gear pumps. Capacities 

Fig. 13.9. Diagram showing the basic components of a hydraulic sprayer having mechanical 

agitation. 
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of roller or gear pumps are usually 19 to 95 L/min [5 to 25 gpm], whereas 

centrifugal pumps may deliver 190 to 285 L/min [50 to 75 gpm] at about 275 

kPa [40 psi], Piston pumps are employed almost exclusively for pressures 

above 1.7 MPa [250 psi]. Capacities of 19 to 45 L/min [5 to 12 gpm] are 

common for general-purpose sprayers, but piston pumps on high-pressure 

orchard sprayers may have capacities as high as 225 L/min [60 gpm]. On 

any sprayer, the pump capacity should be at least 10 to 15% 

greater than the maximum expected spraying requirements. The piping may 

be arranged to permit filling the tank with the spray pump, as indicated by 
the broken-line portion of Fig. 13.9. 

With a positive-displacement pump (piston, roller, gear, etc.) an 

automatic relief valve or a bypass pressure regulator is essential for protec¬ 

tion of the equipment. When a high-pressure sprayer is designed for inter¬ 

mittent use, as with a hand gun, an unloading-type bypass regulator may be 

employed. Because of the relatively flat head-flow characteristic of a cen¬ 

trifugal pump (Fig. 13.7), an automatic bypass regulator generally does not 

give good control over a range of pressures. The pressure from a centrifugal 

pump can be controlled reasonably well by changing the speed or by manual 

throttling. More precise control can be obtained with a diaphragm-type 
pressure-reducing valve in the line to the boom or nozzles. 

Brass is the most common material for nozzles, but tungsten carbide or 
hardened stainless-steel orifice disks or tips are often employed when 

spraying abrasive materials such as suspensions of wettable powders. Noz¬ 

zles of the sizes employed on ground rigs have built-in screens to prevent or 

minimize plugging. These are in addition to the screens shown in Fig. 13.9. 

To prevent screening out the wettable powders and to lessen the frequency of 

cleaning, nozzle screen openings should be only a little smaller than the 
orifice opening. 

13.22. Booms and Nozzles on a Field Sprayer. Hydraulic field sprayers 

have horizontal booms with nozzles attached directly to the boom or to the 

lower ends of vertical drop pipes extending downward from the boom. The 

drop pipes are for between-the-row spraying of tall row crops. To obtain 

more accurate control of nozzle height, nozzles may be connected to the 

boom through drop hoses and mounted on individual skids that move along 
the ground between the rows. 

Booms are mostly 6 to 15 m [20 to 50 ft] long. They are usually sec- 
tionalized and hinged to permit reducing the overall width for transport. The 

longer booms require fore-and-aft support as well as vertical support. Out¬ 

rigger wheels are sometimes employed on long booms to maintain more uni¬ 

form nozzle heights. Nozzle spacings are usually 38 to 51 cm [15 to 20 in.]. 

The 51-cm spacing is the most common because it provides 2 nozzles per 

row for 102-cm [40-in.] row spacings, which is convenient for drop pipes. 

However, the trend to narrower row spacings in some crops makes flexibility 
in nozzle spacing increasingly desirable. 



SPRAYING AND DUSTING 303 

Fan-spray nozzles are widely used for field sprayers because the shape of 

their spray distribution pattern makes uniformity of coverage less sensitive 

to boom height than with hollow-cone nozzles. This relation is discussed in 

the following section. Hollow-cone nozzles may be preferred for fungicides 

because of the greater degree of atomization. Flooding nozzles on drop 

pipes, mounted with their axes vertical as in Fig. 13.4c, are well-suited for 

spraying beneath row-crop foliage. 

13.23. Uniformity of Spray Distribution. For open-field work (i.e., con¬ 

tinuous coverage) the proper height of the boom above the deposition sur¬ 

face is a function of (a) the nozzle spacing on the boom, (b) the nozzle spray 

angle, and (c) the amount of overlap required for uniform coverage, as deter¬ 

mined by the nozzle spray pattern. Fan-spray nozzles tend to have distribu¬ 

tion profiles with gradually sloping sides as shown in Fig. 13.10a. Hollow- 

cone nozzle patterns tend to be similar to Fig. 13.1 Or/ but may be humped 

near the outer edges of the flat top.18 In actual practice there is considerable 

variation in patterns from individual nozzles of a particular type and size. 

Figure 13.10 shows the amount of overlap required for uniform coverage 

with the two types of idealized nozzle distribution patterns and the effect of 

variations of boom height upon the uniformity. Note that the steep-sided 

profiles in (d), which are typical of hollow-cone nozzles, are far more sen¬ 

sitive to boom height variations than are the narrow-topped and gradually 

sloping profiles of fa), which are typical of fan-spray nozzles and solid-cone 

//p\ //iw Patterns for /m\ /'iw //i\\ Patterns for //n\ 

^-Total 

individual 
nozzles 

i 
Boom at /Total 

individual 
. nozzles. 

0) 
CJ 
c 
CO 

■4—' 
CD 

~a (a) 

”\7~ 
✓ \ 

/ \ 

"'■ly' 

A 
/ \ 

minimum 

height for 
uniform 
coverage 

\ 1 
\ 1 

1 
/1 
l \ 

W 

I 
l\ 

1 \ (d) 

d) 
-4—' 
JO 

o 

1 Overlap^ 

^Total 

^Total 

A A Boom / Y_ 
3 
i_ 
CD 
Cl 

(b) ;>< A
 

r 
\ 

1 

V
 

/1
 

height 
LJ$ times^A*. 

minimum A A (e) 
4—1 
(0 

CD 
W) /Total ^-Total 

(0 
sz 
CJ 
CO 
Q 

(c) V 
_L_i_ 

\y 
AL 

Boom 

height 
30% of^^ 

minimum IT X . 
Lateral distance (along boom) Lateral distance (along boom) 

at deposition level at deposition level 

Fig. 13.10. Effect of nozzle distribution pattern and boom height upon uniformity of coverage. 

The broken-line curves indicate distribution patterns (at the deposition level) for individual noz¬ 

zles. The solid curve in each case shows the combined discharge pattern for all nozzles (i.e., the 

sum of the broken-line curves.) 
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nozzles.18 With either pattern the uniformity of distribution is affected less 

by having the boom too high (excessive overlap) than by having it too low. 

With nozzles having profiles of the type shown in Fig. 13.10a, the height of 

the boom should be such that the overall width of each nozzle spray pattern 

at the deposition level is about 50% greater than the nozzle spacing. More 

overlap is required for profiles having narrower tops, and less for steep-sided 

profiles. 

13.24. Control of Application Rate. The amount of spray liquid applied 

per hectare by a field sprayer is a function of (a) the spacing of nozzles on the 

boom, (b) the nozzle rating or orifice size, (c) the nozzle pressure, and (d) the 

rate of forward travel. The relation between these variables is expressed by 

the following equation, in which the combined effects of nozzle size and 
pressure are represented by the nozzle discharge rate. 

(L/h per nozzle) = 0.00100 (L/ha) (km/h) (nozzle spacing, cm) 

(13.6) 
[(gph per nozzle) = 0.0101 (gal/acre) (mph) (nozzle spacing, in.)] 

The concentration of active ingredient may also be changed, which affects 

the required litres per hectare. Since all these factors are equally important, 

they must all be controlled carefully in order to obtain the desired applica¬ 

tion rate. Nozzles must have uniform flow rates and patterns; the pressure 

gage must be accurate, with proper allowance being made for any significant 

pressure losses in the lines; and the forward speed must be checked ac¬ 

curately by timing or with a low-range speedometer mounted on the tractor 
or sprayer. 

13.25. High-Pressure Orchard Spraying. For many years, high-pressure 

sprayers were the principal means of applying liquid pesticides to orchards, 

using either hand guns or various types of booms or masts for automatic 

spraying. Airblast sprayers, however, have largely replaced high-pressure 

sprayers in orchards, except for some use of vertical booms or masts. 
A high-pressure orchard sprayer depends upon liquid pressure to atomize 

the liquid and furnish the energy to carry the spray to and into the 

trees. Conditions that favor long carrying distances and good foliage 

penetration are (a) high discharge velocity from the nozzle, (b) high volume 

rate of discharge, (c) large droplets, and (d) small spray angle. Increasing the 

pressure on a given nozzle increases the carrying distance up to the point 

where the adverse effect of reduced droplet size offsets the benefits of higher 
discharge velocity and greater volume. 

Sprayers having pumps with adequate capacity (at least 150 to 190 L/min 

[40 to 50 gpm]) may have spaced individual nozzles or groups of nozzles 

mounted on masts or vertical booms to cover one side of the trees as the 

sprayer moves along the row. Groups of nozzles provide mutual reinforce¬ 

ment to increase the carrying distance. Some booms consist of groups of 

nozzles oscillated mechanically to sweep the trees as the sprayer passes 
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them. Application rates of 5600 to 7500 L/ha [600 to 800 gal/acre] are com¬ 

mon for many types of mature trees. 

AIRBLAST SPRAYERS 

13.26. Types and Applications. Airblast sprayers (also known as air- 

carrier sprayers) were developed in the 1940s for applying sprays to trees. 

Although models designed for row-crop spraying are available and orchard 

models are sometimes used for row crops, the principal application of air- 

blast sprayers is in orchards. As the name implies, airblast sprayers utilize 

an air stream to carry the droplets, rather than depending upon energy from 

hydraulic pressure. Consequently, they can utilize smaller droplet sizes than 

high-pressure orchard sprayers and can obtain adequate coverage with less 

material per hectare. The effectiveness of an airblast sprayer depends upon 

its ability to displace the air in all parts of the tree with spray-laden air from 

the machine. 
In row-crop or open-field applications, the air streams from the blower or 

blowers distribute the spray laterally over the swath width, depositing some 

by impingement and some by settling after the air velocity has subsided. 

Fine atomization is desirable to increase the carrying distance. The larger 

droplets are deposited closest to the blower. Wilson26 tested an airblast 

sprayer that delivered 12.3 m3/s at 145 km/h [26,000 cfm at 90 mph] and 

found that air velocities at distances of 1.8, 5.5, 9.1, 12.8, and 16.5 m [6, 18, 

30, 42, and 54 ft] were 34, 27, 23, 9.5 and 8 km/h [21, 17, 14, 6, and 5 mph], 

respectively. Deposits on leaf surfaces decreased about in proportion 

to the air velocities. Drift problems with airblast sprayers are comparable 

with those from aircraft spraying.12 
Orchard application rates with airblast sprayers may be as high as 3700 to 

4700 L/ha [400 to 500 gal/acre] or as little as 45 to 90 L/ha \5 to 10 

gal/acre]. With the higher rates, often referred to as dilute applications, 

there is usually some run-off of spray from the foliage. Rates in the order of 

45 to 235 L/ha [5 to 25 gal/acre] are known as concentrate or low-volume 

sprays. Smaller droplets are needed for uniform coverage. 

With some types of trees, concentrate applications give about as good 

results as dilute applications.17’31 But in trees with dense foliage, such as 

citrus and olives, complete coverage is difficult to obtain even with high ap¬ 

plication rates. The principal advantage of low-volume application is the 

- reduced amount of water that must be supplied and the resultant saving in 

filling and hauling times. Some dilute-application machines are also used for 

concentrate spraying (by changing spray nozzles), whereas other machines 

are designed specifically for low-volume applications. 
13.27. Blowers and Outlets. Most of the large orchard-type airblast 

sprayers have axial-flow fans with guide vanes to direct the air radially out¬ 

ward through a partial, circumferential slot. Some have two opposed axial- 
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flow fans blowing toward each other from either side of the slot. Centrifugal 

blowers with “fishtail” outlets or other forms of slots are also employed. 

Capacities are mostly 14 to 33 m3/s [30,000 to 70,000 cfm] at discharge 

velocities of 110 to 200 km/h [70 to 125 mph]. Some units with lower 

capacities have velocities above 240 km/h [150 mph]. Engine power ratings 

are generally over 75 kW [100 hp] for machines with 28 m3/s [60,000 cfm] 
capacity or more. 

The discharge arrangement is such that one side of one row, or the adja¬ 

cent sides of two rows, can be covered as the machine is driven along be¬ 

tween the rows. The included angle of delivery (in a vertical plane) on each 

side should be adjustable to accommodate different sizes of trees. Since 

power requirements are high, especially for the larger units, careful design of 

the air system and selection of the fan or blower best suited to the operating 
conditions are important. 

13.28. Pumps and Atomizing Devices. The most common method of in¬ 

troducing the spray into the air stream is through hydraulic nozzles, usually 

hollow-cone. The degree of atomization is primarily a function of the liquid 

pressure and the nozzle characteristics, although the air velocity also in¬ 

fluences the breakup. The maximum number of outlets provided for nozzles 

in the air stream is usually between 10 and 40. Nozzle sizes, numbers, and 

distribution may be changed for different spraying conditions. To obtain 

uniform coverage it is generally necessary to install more or larger nozzles in 
the portion of the air stream which is directed to the tree tops. 

Two-stage centrifugal pumps, developing about 1.4 MPa [200 psi] and 

delivering about 380 L/min [100 gpm], are common. These pumps can be 

used for rapid filling of the tank. Part of their output is often recirculated for 

hydraulic agitation. Some sprayers have single-stage pumps developing 520 

to 1030 kPa [75 to 150 psi]. Sprayers with medium- or low-volume blowers 

sometimes have piston pumps with capacities of 19 to 95 L/min [5 to 25 

gpm]. The high pressures obtainable with piston pumps (2.75 to 3.45 MPa 

[400 to 500 psi]) are advantageous in concentrate spraying because of the 
resulting finer atomization from hydraulic nozzles. 

Air atomization is sometimes employed on airblast sprayers designed es¬ 

pecially for concentrate applications. A number of European’machines in¬ 

troduce the 'iquid at a very low pressure into high-velocity air nozzles or air 
streams, relying entirely on air shear to provide the breakup.8 Compressed- 

air atomization is employed in at least one machine manufactured in the 

United States. Air atomization is capable of providing quite small droplet 
sizes, especially when compressed air is employed. 

Small rotary-screen atomizers have been tried experimentally on a con¬ 

ventional airblast sprayer modified for ultra-low-volume spraying of un¬ 

diluted pesticides.15 Rotary atomizers have also been employed, by at least 

one manufacturer, on airblast sprayers that had several independent 
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atomizer-propeller units driven by hydraulic motors and mounted on a 

boom or mast. 

AIRCRAFT SPRAYING 

13.29. Applications. The greatest use of aircraft in agriculture is for ap¬ 

plying pesticide sprays. Types and characteristics of fixed-wing agricultural 

aircraft are summarized in Section 12.11. Only a relatively small percentage 

of aircraft spraying (perhaps 10% in 1970) is done with helicopters, but the 

percentage has increased in recent years. 

The principal advantages of aircraft over ground equipment are in the 

speed of coverage and the resultant improvement in timeliness, and in the 

ability to apply the materials at times when ground equipment could not get 

onto the field. Coverage is not as good with aircraft spraying as with ground- 

rig spraying, especially in crops more than 0.9 to 1.5 m [3 to 5 ft] tall.17 But 

aircraft spraying does give adequate (economic) control for many types of 

applications at a cost per hectare comparable with ground-rig applications. 

Drift of hazardous materials is one of the most serious problems in aircraft 

applications. Aircraft operations are hazardous, are more dependent on op¬ 

timum weather conditions than are ground operations, and are less efficient 

and more costly on small areas. 
In comparison with fixed-wing aircraft, helicopters are safer and have 

greater maneuverability in closely bounded or irregular-shaped fields. 

Because of the rotor downwash, helicopters also seem to give better penetra¬ 

tion of sprays or dust in dense foliage on tall crops or in orchards when flown 

at low forward speeds (24 to 40 km/h [15 to 25 mph]).17,31 The new cost of 
helicopters is about twice that of comparable fixed-wing aircraft. Ferrying 

time is usually much less because a helicopter can land close to the field be¬ 

ing treated. Turning time is also less. Helicopter payloads are generally 

about half as great as for fixed-wing aircraft (270 to 540 kg versus 450 to 

1130 kg [600 to 1200 lb versus 1000 to 2500 lb]). Because of less non¬ 

productive time, helicopter coverage, in hectares per hour, is about the same 

as for fixed-wing aircraft. 
Aircraft sprays are always applied in concentrate form, usually at rates of 

9 to 95 L/ha [1 to 10 gal/acre]. Where terrain permits, agricultural sprays 

are normally applied from a height of not over 1.5 to 3 m [5 to 10 ft] above 

the tops of the plants. Fixed-wing aircraft are generally flown at 130 to 190 

km/h [80 to 120 mph]. Helicopter speeds may be as low as 24 km/h [15 

mph] over tall crops but more often are between 65 and 95 km/h [40 to 60 

mph]. 
13.30. Pumps and Atomizing Devices. Centrifugal pumps are the most 

common type, primarily because of their high capacity and ability to handle 

abrasive materials. They may be driven by an auxiliary propeller (on fixed- 

wing aircraft only), from a power take off, or by an electric or hydraulic 
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motor. Hydraulic agitation is generally employed, the entire pump output 

being directed back into the tank while not spraying but with no agitation 

during the short intervals of actual spraying. 

Continuous booms with close-spaced, hydraulic nozzles (often about 30 

cm [1 ft] apart) are the most common arrangement. Most booms on fixed- 

wing aircraft are slightly shorter than the wing length. The boom length on 

helicopters is sometimes as much as 3 to 4.5 m [10 to 15 ft] longer than the 

rotor diameter. Disk-type hollow-cone nozzles are popular, but side-entry 

hollow-cone, jet, and sometimes fan-spray nozzles are also employed. Boom 

pressures are usually between 140 and 410 kPa [20 and 60 psi]. To minimize 

drift, aircraft sprays applied at rates of 45 to 95 L/ha [5 to 10 gal/acre] are 

usually coarser than ground-rig sprays. However, lateral distribution tends 

to vary more with coarse sprays (as from jet nozzles) than with finer sprays. 

Each nozzle on the boom is equipped with a diaphragm check valve that 

closes at about 35 kPa [5 psi] when the boom flow is cut off and the boom 

pressure released, thus preventing dribbling. The valve that diverts the pump 

flow from the boom back to the tank usually has a venturi suck-back 

arrangement (Fig. 13.11). When the pump flow is diverted into the tank (as 

shown), the venturi effect creates a slight suction on the boom, thereby 

quickly reducing the boom pressure and closing the check valves. The 

negative pressure also prevents leakage from faulty check valves. 

Fig. 13.11. A three-wav boom shutoff valve 

with suck-back feature. 

Rotary-screen atomizers are sometimes employed on aircraft, usually 

four units per airplane. The atomizers may be driven by adjustable-pitch or 

non-adjustable propellers or by electric motors. As indicated in Section 13.7 

and Fig. 13.5, droplet sizes are relatively small, thus intensifying the drift 

problem but improving uniformity and completeness of coverage with ex¬ 
tremely low application rates. These devices, rotating at speeds of 4000 to 

8000 r/min and sometimes higher, require considerable maintenance and 

are subject to breakdowns, whereas hydraulic nozzles are not. But because 

they have larger metering openings than hydraulic nozzles on a boom, they 
are less subject to clogging at low application rates. 
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Low-velocity, jet-breakup systems are used on some helicopters. As in¬ 
dicated in Section 13.10, the capillary jets produce rather uniform, large 
droplets when the boom is mounted forward of the rotor and the discharge 
direction is carefully adjusted to be in line with the relative air flow resulting 
from the forward motion. Results have been less satisfactory with fixed-wing 
aircraft because the air turbulence causes secondary breakup and produces a 
broad spectrum of droplet sizes with substantial numbers of small droplets.28 

DUSTING 

Although the use of dusters has diminished greatly in recent years, 
primarily because of the drift problem and low deposition efficiencies, there 
are still some applications and situations where dusting is preferred instead 
of spraying. The small particle sizes (number median diameters from 1 to 10 
/itm) may be advantageous where complete coverage within dense foliage is 
important. A duster is a simpler, less troublesome machine than a sprayer, 
and no water is needed, but the weather must be calm for dusting. Applica¬ 
tion rates are usually 22 to 55 kg/ha [20 to 50 lb/acre]. 

13.31. Ground Rig Dusters. All dusters utilize an air blast in which the 
dust particles are airborne. Various types of blowers are employed on 
ground rigs. Single outlets with one or two vertical “fishtails” attached, or 
with peripheral openings as on airblast sprayers, are sometimes employed 
for vineyard or orchard dusting. Multiple-nozzle units for field or row crops 
have a group of flexible hoses connected to a manifold or to peripheral out¬ 
lets around the blower housing. The nozzles are spaced along a supporting 
boom, discharging as close to the plants as is practical. 

The conventional feed system consists of an adjustable opening in the bot¬ 
tom of the hopper, which meters dust into the blower inlet, and one or more 
agitators above the discharge opening. With this arrangement the feed rate 
may be extremely uneven and unpredictable because of variations in head, 
apparent density, fluidity, and compaction of the dust. A vertical-auger feed 
developed by the USDA13 eliminates or minimizes the effects of most of 
these variables and gives rather uniform feed rates. 

Electrostatic charging of dusts has been shown to substantially increase 
the amounts of material deposited on plants (Section 13.6). Other methods 
that have been employed in attempting to reduce drift and increase deposi¬ 
tion include (a) canvas tunnels dragged along over the plants and into which 
the dust is discharged, and (b) the addition of an oil or water spray at the exit 

of the dust nozzles. 
13.32. Aircraft Dusting. Dust hoppers in fixed-wing aircraft are equipped 

with propeller-driven low-speed agitators and usually have some type of 
adjustable-opening slide-gate feed control device. The metered dust enters 
the throat of a ram-air venturi spreader, which may be the same unit used 
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for distributing fertilizers (Section 12.11) or may be longer and wider if 

designed primarily for dusts. The characteristic wing-tip vortices draw the 

dust out laterally but there is a tendency toward heavy deposits in the center 

of the swath. To improve lateral uniformity of distribution, dusting with 

fixed-wing aircraft usually is done at a somewhat greater height than when 

spraying. 

Helicopters have two dust hoppers, one on each side of the plane, with 

agitators that are usually driven by electric motors. The feed devices are of 

either the slide-gate or the fluted-roll type. The engine cooling fan provides 

air for venturi tubes under the two hopper discharge outlets. The dust is fed 

into these tubes and then discharged down and outward into the rotor 

downdraft. 
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PROBLEMS 

13.1. A 0.95-m3 round-bottom sprayer tank is 1.5 m long and has a depth of 0.9 m. 

Mechanical agitation is to be provided with four paddles 280 mm long (tip diameter) and 200 

mm wide mounted on a shaft 150 mm above the bottom of the tank. 

(a) Calculate the minimum r/min for agitating a mixture of 10% oil and 90% water. 

(b) If the mechanical efficiency of the power transmission system is 90%, what input power 

would be needed for agitation? 

13.2. (a) Under the conditions of Problem 13.1, what recirculation rates would be required 

for hydraulic agitation at 400 kPa and 2.75 MPa? 

(b) If the pump efficiency is 50%, what pump input power would be needed for hydraulic 

agitation at each pressure? 

(c) Prepare a table to summarize and compare the results of Problems 13.1 and 13.2. Note 

the decreased recirculation rate and increased power requirement when the hydraulic-agitation 

pressure is increased. 

13.3. A field sprayer having a horizontal boom with 20 nozzles spaced 46 cm apart is to be 

designed for a maximum application rate of 750 L/ha at 520 kPa and 6.5 km/h. 

(a) Determine the required pump capacity in litres per minute, assuming 10% of the flow is 

bypassed under the above maximum conditions. 

(b) If mechanical agitation requires 375 input watts and the pump efficiency is 50%, what 

should be the engine rating if the engine is to be loaded to not more than 80% of its rated power? 

(c) What discharge rate per nozzle (L/min) is required under the above conditions? 

(d) If the nozzles have 70° spray angles and the pattern is such that 50% overlap is needed for 

uniform coverage (i.e., spray pattern 50% wider than nozzle spacing), at what height above the 

tops of the plants should the boom be operated? 

13.4. A field sprayer is equipped with nozzles having a rated delivery of 0.42 L/min of water 

at 275 kPa. The nozzle spacing on the boom is 51 cm. Each kilogram of active ingredient (2, 4- 

D) is mixed with 80 L of water and the desired application rate is 0.95 kg of chemical per hec¬ 

tare. What is the correct forward speed for a nozzle pressure of 200 kPa? 

13.5. A hollow-cone spray nozzle deposits most droplets between two concentric circles. As¬ 

sume the diameter of the inner circle is 70% of the diameter of the outer circle and that the dis¬ 

tribution of droplets is uniform between the circles. Plot the theoretical distribution pattern that 

would be expected as the nozzle is moved forward past a transverse line. Graphical solution is 
acceptable. 

13.6. At a deposition level 430 mm below the tip of a particular fan-spray nozzle, the dis¬ 

charge rate across a 20-cm width at the center of the sprayed strip is essentially constant at 15 

mL/min per centimetre of lateral distance. On each side of this 20-cm center strip the discharge 

rate per centimetre of width decreases uniformly to zero at a lateral distance of 36 cm from the 
nozzle centerline. 

(a) Plot the distribution curve, to scale (similar to broken-line profile in the upper left 
diagram of Fig. 13.10). 

(b) On the same graph, draw a curve for this nozzle at a deposition level 585 mm below the 
nozzle tip. Show how you obtained this curve. 

(c) Calculate the nozzle spray angle. 

(d) If nozzles having this pattern are 50 cm apart on the boom, what tip height above the 
deposition level would give uniform coverage? 

13.7. An airblast sprayer is to be operated at 4 km/h and the desired application rate is 19 L 

per tree. The tree spacing is 9 X 9 m and each nozzle delivers 4.0 L/min at the operating 
pressure of 415 kPa. 

(a) If one-half row is sprayed from each side of the machine, how many nozzles will be 
needed? 

(b) How many hectares can be covered with a 2-m3 tank full of spray? 



Hay Harvesting: Cutting, 
Conditioning, and Windrowing 

14.1. Introduction. Hay is grown on more than half of all the farms in the 

United States, with the area averaging about 20% of the total harvested crop 

land. Hay production in the United States amounts to over 90 Tg [100 

million tons] annually, with alfalfa being the major crop. In addition, forage 

crops are harvested extensively for silage. Minor methods of using forage 

crops include direct feeding of freshly harvbsted green hay and the produc¬ 

tion of dehydrated pellets or meal. 

Forage handling is complicated by the nature of the product. Hay is a 
crop of great bulk and mass, containing 70 to 80% water (wet basis) when 

First harvested. For storage it must be dried, either naturally or artificially, 

to a safe moisture content of about 20 to 25%. Long loose hay or extremely 
loose bales can tolerate slightly higher moisture contents without serious 

damage. The relatively low cash value per hectare for hay crops limits the 

economic feasibility of mechanization for small areas. In addition, hay is 

frequently grown on rolling land and steep slopes or under other conditions 

unfavorable to mechanization. 

Although mechanization problems are not all solved, the decade begin¬ 

ning about 1955 witnessed the development and/or first general use of a con¬ 

siderable number of important types of hay harvesting equipment. Among 

these are self-propelled windrowers; combination mower-conditioners; flail 

mowers designed especially for hay; automatic bale pickup and stacking 

wagons (self-propelled and pull-type); bale accumulators and associated 

handling equipment; bale-thrower attachments for field balers; hay cubers 

and wafering machines; van-type trailers with windrow pickups and 

impeller-blowers for fully mechanized loading and stacking of long loose 

hay; and mechanical, loose-hay stack movers. Large-roll and large- 

rectangular-bale balers are an even more recent development. 

These, plus improved models of previously existing types of equipment 

such as cutterbar mowers, reel-type and finger-wheel side-delivery rakes, 

conventional field balers, shear-bar-type field choppers, impact-type field 

choppers, mechanically unloading chopped-forage wagons, forage blowers, 

sweep rakes and stacking aids for long loose hay, and other minor haying 

implements, provide the farmer with a wide array of combinations for the 

various hay or silage harvesting methods. 

313 
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The general methods, in terms of the final field form of the harvested 

product, include baling, cubing or wafering, direct-cut field chopping for 

green feed or grass/legume silage, field chopping for wilted grass/legume 

silage or low-moisture grass/legume silage, field chopping of cured or par¬ 

tially cured hay, and handling in the long loose form. 

14.2. Quality of Product in Relation to Harvesting Methods. In general, 

all methods of harvesting and storing forage crops involve some loss of yield 

and reduction in quality. Losses of 5 to 15% of the dry matter have been 

found to occur from respiration and enzyme action during normal field cur¬ 

ing.22 When hay is handled dry, leaf shatter can result in substantial dry- 

matter losses. Because alfalfa leaves are higher in protein than are stems, the 

quality of the remaining product is reduced by the dry-matter loss. Alfalfa 

leaves contain about 70% of the total protein in the plant and 90% of the 

carotene (a source of vitamin A).22 Prolonged exposure to sun, dew, and rain 
increases the loss of nutrients. 

In humid climates, where adverse weather conditions are likely to prevail, 

any harvesting procedure that reduces the time between cutting and storing 

tends to minimize losses in yield and quality. Partial curing in the field, 

followed by artificial drying in the barn or stack with forced circulation of 

either heated or unheated air, is one method of reducing the time the hay is 
in the field. 

Alfalfa losses from three harvesting methods under normal weather con¬ 

ditions were compared in USDA tests in Maryland.14 Protein yield losses, in 

terms of the total protein yield of the standing crop just before harvest, 

amounted to 32% for field-cured long loose hay, 26% for barn-cured hay, 
and 14% for silage. 

Tests were conducted in California to determine the effects of raking 

alfalfa hay (at 8 km/h [5 mph] with an oblique reel-head rake) or packag¬ 

ing it (baling or wafering) under extremely dry conditions, in comparison 

with performing these operations under desirable moisture conditions.7 The 

“properly handled” treatment was raked at 40 to 50% moisture* when the 

hay was tough from dew, and was baled or wafered in the morning at 13 to 

16% moisture, before the hay was dry enough to cause appreciable leaf shat¬ 

ter. Dry raking was done in the afternoon at 10 to 15% moisture and dry 
packaging was done in the afternoon at 5 to 7% moisture. 

Under these extremely dry conditions, raking dry and packaging at the 

proper moisture content reduced the baled yield by 25% in comparison with 

proper handling. Raking properly and packaging dry reduced the yield only 

4%. Raking dry and packaging dry reduced the yield 35%. Average crude 

protein contents were less than the corresponding preharvest values by the 

*In more humid climates, raking can sometimes be done at a somewhat lower moisture con¬ 
tent without excessive leaf shatter. 
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following percentage points: handled properly—1.4, raked dry—3.1, 

packaged dry—1.8, raked and packaged dry—4.3. The overall preharvest 

average was 23.6%. The greater reduction in protein content for the dry 

treatments indicates that the dry-matter losses were predominantly leaves. 

When the hay was fed to sheep, quality reductions were reflected in smaller 

mass gains. Conditioning reduced curing times but had little effect upon 

yields or quality in any of the raking and packaging treatments because no 

weather detrimental to quality was encountered. 

CUTTING 

14.3. Principles of Cutting. In order to have cutting take place, a system 

of forces must act upon the material in such a manner as to cause it to fail in 

shear. This shear failure is almost invariably accompanied by some defor¬ 

mation in bending and compression, which increases the amount of work re¬ 

quired for the cutting operation. A common way of applying the cutting 

forces is by means of two opposed shearing elements which meet and pass 

each other with little or no clearance between them. Either one or both of the 

elements may be moving, and the motion may be linear with uniform 
velocity, reciprocating, or rotary. 

A single cutting element, either moving or stationary with respect to the 

machine, is sufficient if the nature of the operation permits a fixed surface, 

such as the ground, to act as one of the shearing elements (as with weed 

knives on cultivators). If the material being cut is adequately supported and 

is relatively strong in bending (sugar beets, for example), the material itself 

may transmit the force required to oppose a single cutting element. An im¬ 

pact cutter has a single, high-speed cutting element and relies primarily upon 

the inertia of the material being cut to furnish the opposing force required 
for shear. 

14.4. Impact-Type Cutters. The impact-cutting principle is applied in two 

types of implements that are commonly described as rotary cutters and flail 

shredders A rotary cutter has knives rotating in a horizontal plane (as on a 

rotary lawn mower), whereas a flail shredder has knives rotating in vertical 

planes parallel with the direction of travel. 

These implements were first developed for cutting up stalks, small brush, 

cover crops, and other vegetative matter to facilitate incorporation into the 

soil, for cutting weeds, and for other similar jobs. In the early 1950s, stalk 

cutters and shredders were adapted to chopping forage crops as a low-priced 

alternative for conventional, shear-bar-type field choppers. More recently, 

special flail shredders have been developed for mowing hay. 

Rotary cutters with effective widths of 1.0 to 2.1 m [3'/2 to 7 ft] have a 

single rotor, usually with 2 (but sometimes 4) knives on the ends of radial 

arms. Wider units have at least 2 or 3 rotors, each generally cutting a width 
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of 0.7 to 2.1 m [28 to 84 in.]. The total cutting width may be as much as 6.1 

m [20 ft]. Peripheral speeds generally range from 51 to 76 m/s [10,000 to 

15,000 ft/min]. Knives or support arms can be shaped to create an updraft 

which raises lodged material and lifts cut material for further size reduction. 

Knives are usually attached to the support arms through vertical hinge axes 

so they can swing back if an obstruction is hit. Rotary cutters are hazardous 

because of the tendency to throw solid objects outward from beneath the 

housing in a violent manner. They also tend to leave the material win- 

drowed. 

Flail shredders have free-swinging knives or flails, 50 to 150 mm [2 to 6 

in.] wide, attached to the rotor in 3 or 4 rows and staggered so the cuts 

overlap slightly. Some of the many shapes of knives employed are shown in 

Fig. 14.1. The knives are sometimes attached through a loop or a chain link, 

(a) (b) (c) (d) (e) 

Fig. 14.1. Some types of knives employed on flail shredders. 

rather than through a pivot axis, to provide greater flexibility for rocky con¬ 

ditions. Cutting widths of present-day units are mostly in the range from 1.2 

to 6.1 m [4 to 20 ft]. Peripheral speeds are somewhat lower than for rotary 

cutters, usually ranging from 46 to 56 m/s [9000 to 11,000 ft/min] but 

sometimes being lower. Maintenance costs are higher than for rotary cutters 
but loose debris is less of a problem. 

14.5. Flail Mowers. In the first attempts to employ flail shredders for 

mowing hay, excessive Field loss was a major problem, primarily because of 

short pieces not recovered in raking or picking up from the windrow. Losses 

have been reduced by using lower peripheral speeds (43 m/s [8500 ft/min] 

or less) and by designing the shroud so it bends the plants forward for basal 

cutting and provides clearance above the rotor to minimize recutting (Fig. 

14.2).19 The lacerating effect and successive impacts of knives on the stems 

of the cut material result in a conditioning effect that increases the drying 
rate. 

A flail mower has a full-width, adjustable gage roller located immediately 

behind the rotor (Fig. 14.2) to provide accurate control of cutting height and 

prevent scalping of high spots. Cutting widths are usually 1.8 to 3.0 m [6 to 
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Fig. 14.2. Schematic, cross-sectional view of a flail mower. (Courtesy of Avco New Idea 

Div., Avco Corp.) 

10 ft]. Pull-type flail mowers are generally offset so the tractor wheels run 
on cut hay rather than on the standing crop. Some of these units have cross¬ 

conveyor augers or movable deflector shields to permit windrowing the hay 

as it is cut. With mounted flail mowers, the tractor wheels knock down some 

of the standing crop but the flails are reasonably effective in picking it up. 

Even with flail shredders specially designed for mowing hay, recovered 

yields for upright crops are usually at least 5 to 10% less than from conven¬ 

tional mowing and raking.1,11,15,19,20 But under severely lodged conditions 

the flail mower may recover substantially more than a conventional 

mower.15 Power requirements are considerably higher for a flail mower than 

for a conventional mower. 
14.6. Types and Functional Parameters of a Mower Cutterbar. A mower 

cutterbar must be able to cut satisfactorily from 25 to 50 mm [1 to 2 in.] 

above ground level up to 100 mm [4 in.] or more. It must be able to cut a 

wide variety of crop materials, from thin-bladed grasses to thick, tough 

stalks, cleanly and without clogging. The cutting parts should be protected 

from rocks and should be capable of cutting through occasional mounds of 

soil without damage. 
Many attempts have been made to replace the reciprocating knife with 

continuous-moving cutting units such as chain knives, band knives, and 

helical-rotor cutters, but none have reached the stage of functional and com¬ 

mercial feasibility. A variation of the conventional cutterbar that has 

received limited acceptance has two opposed, reciprocating knives and no 

guards. The absence of guards greatly reduces the tendency to plug in 

tangled, matted, or damp crops but may present problems under stony con¬ 

ditions. Double-knife mowers are dynamically balanced. They can be 

operated at higher forward speeds than conventional mowers and they 

produce more uniform stubble heights, but their new cost is considerably 

higher. 
14.7. Conventional Mower Cutterbar. The construction and mounting of 

a typical mower cutterbar are illustrated in Fig. 14.3. Not shown are the 
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Fig. 14.3. A semimounted mower with pitman drive. 

outer divider and shoe assembly and the grass board. The function of the 

grass board, which is attached to the rear of the outer divider, is to clear the 

cut material from a narrow strip next to the standing crop and thus provide a 

place for the inner shoe to operate on the next trip. The guard spacing is 

almost universally 76.2 mm [3 in.]. The knife stroke is usually 76.2 mm [3 

in.], but other strokes from 63 to 95 mm [2V2 to 3% in.] have also been em¬ 
ployed with a 76.2-mm guard spacing. 

The height of cut is gaged by adjustable shoes at the ends of the cutterbar. 

The adjustable support spring shown in Fig. 14.3 acts through the lift linkage 

to counterbalance most of the cutterbar gravitational force so that the cut¬ 

terbar “floats” along the ground. The lift linkage can be adjusted to change 

the relative amounts of load (force) carried on the inner and outer shoes. 

These loads should be just enough to prevent bouncing of the cutterbar. The 

optimum loads are influenced by the roughness of the field and the forward 

speed. Typical values are 360 to 440 N [80 to 100 lbf] on the inner shoe and 
90 to 130 N [20 to 30 lbf] on the outer shoe. 

Figure 14.4 shows a cross-sectional view of a cutting unit. The ledger 

plates ordinarily are serrated on the under side and are replaced occasionally 

but never sharpened. The cutting edges of the knife sections may be either 

smooth or underserrated, both types being resharpened at frequent intervals 

by grinding the beveled top surfaces. Underserrated knives are good for 

coarse-stemmed crops because they reduce the tendency for stalks to slip 

forward. However, underserrated knives give trouble in grasses because the 
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Fig. 14.4. Cross-sectional view of cutterbar, showing knife section directly over ledger plate. 

fine stems tend to wedge under the blade. Knife clips and wearing plates are 

mounted together and are usually spaced 3 or 4 guards apart (Fig. 14.3). The 

wearing plates provide vertical support for the rear of the knife sections and 

also absorb the rearward thrust of the knife. They have a fore-and-aft adjust¬ 

ment but must be replaced when the top surface wears down sufficiently to 

tip the knife and cause an appreciable vertical clearance between the ledger 

plates and the points of the knife sections. 

14.8. Knife Drive Systems. The knife may be driven through a long pit¬ 

man attached to the knife head by means of a ball-and-socket joint, as 

shown in Fig. 14.3, or the transition from rotary motion to reciprocating 

motion is accomplished with a drive unit supported entirely on the inner 

shoe. One arrangement for a shoe-mounted drive unit is shown in Fig. 14.5. 

Fig. 14.5. A drive unit mounted on the inner shoe of the cutterbar, employing a wobble-joint 

drive to obtain knife motion and having a reciprocating counterweight. The hinge pins that sup¬ 

port the cutterbar are placed in line with the sheave axis so that the vertical angle of the cutter¬ 

bar does not affect belt tension. (Courtesy of International Harvester Co.) 
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This system, often called a wobble-joint drive, is simple and is sometimes 

employed (usually without a counterweight*) to drive sickles on other types 

of harvesting equipment. The axis of the main drive shaft, the yoke axis, and 

the vertical axis of oscillation all intersect at a common point. As the main 

shaft rotates, the component of motion of the angled throw in a vertical 

plane is absorbed by the yoke while the motion in a horizontal plane os¬ 

cillates the fork about its vertical axis. 

Chen6 has developed equations of angular motion for a wobble joint (bent- 

shaft oscillator). It can be shown from his angular-displacement equation 

that the relation between linear displacement of a reciprocating member and 

the rotational angle of the input shaft would be sinusoidal only if the os¬ 

cillating arm had a radial slider on it so the moment arm (perpendicular dis¬ 

tance) between the reciprocating member and the center of oscillation 
remained constant. 

Drives mounted on the inner shoe are more trouble-free than conventional 

pitman drives and are not affected by the vertical angle of the cutterbar, but 

pitman drives are less expensive. Shoe-mounted drives often include an 

arrangement to provide full dynamic balancing for the knife (discussed in 

Section 14.15). Crank speeds on most mowers are 850 to 1000 r/min for 

conventional pitman drives, 1000 to 1200 r/min for dynamically balanced 

systems, and 800 to 1150 r/min for drives mounted on the inner shoe but not 
having full dynamic balancing. 

Most tractor mowers have a V-belt in the drive that provides overload 

protection and cushions high-frequency peak torques and shock loads. If 

there is no belt, it is important that some other type of safety device, such as 
a jump clutch or a slip clutch, be provided. 

14.9. Knife Clearances and Cutting Velocities. Because many of the 

materials commonly cut with a mower are weak in bending, it is important 

to hold the knife sections down close to the ledger plates. This is done by 

bending down the knife clips (Fig. 14.4) until there is only enough clearance 

to prevent binding. If the clearance is allowed to increase and approach the 

thickness of the material being cut, deformation in bending produces a 

wedging effect that increases power requirements and may result in failure 
to cut some stalks. 

Clearance tends to be less critical if the cutting unit is designed so that all 

cutting occurs during portions of the stroke where knife velocities are rela¬ 

tively high. A combination of impact and shear can then be utilized, rather 

than depending upon shear alone. Since the peak knife velocity with a 76.2- 

mm [3-in.] stroke at 1000 r/min is less than 4 m/s [800 ft/min] (as com¬ 

pared with 50 m/s [10,000 ft/min] for an impact cutter), there is probably 
very little cutting by impact of the knife sections alone. 

♦“Counterweight” is a descriptive term that refers to a counterbalancing mass. 
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14.10. Register and Alignment. Two adjustments that are important to 

proper functioning of a mower having a pitman drive are known as knife 

register and cutterbar alignment. A knife is in proper register when the mid¬ 

point of the stroke is centered between adjacent guards. If the stroke is the 

same length as the guard spacing, the knife sections are centered in the 

guards at each end of the stroke. Adjustment is commonly made by moving 

the entire cutterbar in or out with respect to the pitman crankshaft. 

If a cutterbar is in proper alignment, the pitman and the knife will be in 

line (in plan view) when the mower is operating in the field. To allow for the 
rearward deflection of the outer end of the cutterbar during operation, it is 

customary to adjust the mower so that, when not operating, the outer end of 

the cutterbar has a lead of about 20 mm per metre of bar length [14 in./ft]. 

Lead is measured by stretching a string parallel to the vertical plane of the 

pitman and determining the difference in horizontal fore-and-aft distances 

from the string to the knife back at the inner and outer ends. One method of 

adjusting lead is by rotation of an eccentric bushing on one of the hinge pins 

(Fig. 14.3). 
Mounting the drive unit directly on the inner shoe of the cutterbar (as in 

Fig. 14.5 and 14.8) eliminates the problems of maintaining alignment and 

register. 

14.11. Attachment of Mowers to Tractors. Rear-mounted mowers are 

compact, maneuverable, and easily mounted, and are the most popular type. 

Semi-mounting provides better control of cutterbar height on irregular sur¬ 

faces. Two-wheel, pull-type mowers are the best type for making square cor¬ 

ners when mowing around a field and are easiest to attach, but they are 

somewhat less maneuverable than mounted or semimounted units. Side 

mounting gives good visibility of the work and direct response to steering but 

is the least desirable arrangement for mowing around a field. All types are 

generally PTO-driven, except that hydraulic motors are sometimes em¬ 

ployed for side-mounted mowers. 
Cutterbar lengths range from 1.52 to 2.75 m [5 to 9 ft], with the 2.13-m 

[7-ft] size being the most common. The adverse effects of the offset drag 

force of the cutterbar become increasingly important as the cutterbar length 

is increased, especially with pull-type mowers because of their small mass.13 

Since the inertia of all but the smallest tractors is relatively high, it is im¬ 

portant that the cutterbar be provided with a safety break-away coupling 

that will allow the bar to swing back if it strikes an obstruction. This safety 

device becomes increasingly important for the large tractors and as forward 

speeds are increased. 
14.12. Cutting Pattern for a Conventional Mower. Figure 14.6 shows the 

cutting pattern, based upon a theoretical analysis,17 for a conventional 

mower when operated with a feed rate (forward travel per cut) of 76 mm 

[3 in.]. The shaded portion represents the land area from which stalks are cut 
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Fig. 14.6. Graph of knife displacement versus forward travel, with theoretical stalk-deflection 

paths superimposed, for a conventional mower when operated with a forward travel of 76 mm 

[3 in.] per stroke. (R. A. Kepner.17) 

during the stroke under consideration. All stalks originating in this shaded 

area are cut along line EF. As the mower moves forward and the knife sec¬ 

tion moves from left to right, cutting begins when the front center of the sec¬ 

tion is at point 1, such that the rear corners of the cutting portions of the 

knife and the ledger plate just come together (at E). Cutting finishes at F 
when the knife center is at point 2. 

According to this analysis, all stalks originating along a typical path ZV 
are deflected by the guards and ledger plates to point V as the mower moves 

forward. The knife section deflects all stalks originating along JLUV to 

point V, where they are cut by point U of the knife. The slope of ZV is the 

sum of the angle of the ledger-plate edge with respect to the direction of 

travel and the friction angle between the stalks and the ledger plate. 

Similarly, the slope of JL represents the condition under which stalk slip¬ 

page along the knife edge (toward the rear corner of the knife section) is im- 
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pending or occurring. Between L and V, the slope of the path of point U on 

the knife is less than the slope of JL, and no slipping occurs. 
The coefficients of friction assumed in Fig. 14.6 are (a) between stalks and 

serrated ledger plates, tan 20° = 0.364, and (b) between stalks and smooth 

knife edge, tan 17° = 0.306. These values are based upon friction-angle 

measurements originally reported by Bosoi and reproduced in reference 17. 

Johnston16 observed cutting of groups of 300-mm [12-in.] flax straws in the 

laboratory, using high-speed motion pictures. He found that with a 76-mm 

[3-in.] feed rate there was little slipping of stalks along the advancing knife 

edge except during the first 13 mm [Vi in.] of the stroke and that stalks 

sliding along the ledger plate were gradually bent forward due to friction. 

If the included angle between the two cutting edges is too great, stalks will 

tend to slip forward rather than being cut. The maximum permissible angle 

depends upon the coefficients of friction between the stalk and the cutting 

edges.17 The primary function of serrations on the cutting edges (discussed in 

Section 14.7) is to increase the coefficient of friction. Johnston16 found that 

inertia of the stalks is also a significant factor, preventing forward slip under 

conditions where static tests indicated the stalk should be expelled uncut. 

It will be noted in Fig. 14.6 that for a feed rate of 76 mm [3 in.] there is a 

sizable shaded area behind stalk paths HE and EK, from which stalks must 

be crowded forward in order to be cut by the rear portion of the knife. In this 
example, which would represent a forward speed of 9.7 km/h [6 mph] if the 

crank speed were 1050 r/min, the area behind HEK is equal to 25% of the 

total area cut per stroke. Such a condition is undesirable because of the 

bunching effect at the rear of the knife and the resulting large cutting force 

required at the start of the cutting, and because of the excessive stalk deflec¬ 

tion involved. 

14.13. Stalk Deflection. In Fig. 14.6 the theoretical maximum deflection 

of the rear stalks is from M (point of stalk origin) to E (point of cutting), a 
distance of 61 mm [2.4 in.]. The maximum deflection of side stalks is from B 
to F, a distance of 81 mm [3.2 in.]. Deflections for a feed rate of 38 mm [IV2 

in.] instead of 76 mm were found to be 20 mm [0.8 in.] from M to E and 71 

mm [2.8 in.] from B to F. Thus it is seen that deflection of side 

stalks is rather large with the conventional cutterbar, even at low feed rates, 

whereas the deflection of rear stalks becomes large as the feed rate is in¬ 

creased. 
Excessive stalk deflection, particularly when cutting close to the ground, 

results in stubble of uneven length. It also increases the tendency for the 

stalks to slip forward out of the cutting unit and thus be cut higher or missed 

entirely. For best performance when cutting within 50 to 75 mm [2 to 3 in.] 

of the ground, the maximum deflection of rear stalks (from M to E) should 

not exceed the amount indicated in Fig. 14.6, which represents a maximum 

feed rate of 76 mm [3 in.] for the conventional cutterbar. 
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Side deflection can be minimized by having a short stroke or by an 

arrangement to obtain two cuts per stroke. Thus, doubling the number of 

guards on a conventional mower (as is occasionally done for certain crops) 

reduces the side deflection. This change also increases the permissible 
forward speed for a given feed rate and crank speed, since the number of cuts 

per stroke is doubled, but the reduced width of opening between guards may 

cause feeding problems. If the cutterbar is equipped with 2 reciprocating 

knives, each having a stroke equal to half the knife-section spacing (38-mm 

stroke, for example), the side deflection is reduced and yet there is ample 

width of feed opening when the knives are at the ends of their strokes. 

Fig. 14.7. Forces due to inertia of the reciprocating parts in a mower pitman drive. 

14.14. Forces Due to Knife Inertia. Figure 14.7 shows the typical 

arrangement of a pitman drive and the inertia-force relations for the 

reciprocating knife, the pitman, and the crankpin. In analyzing the unbal¬ 

anced forces, the pitman mass is assumed to be divided into compoents W\ 
and W2 concentrated at the two ends, W\ being subjected to rotary motion 

and W2 having reciprocating motion. Ws is the mass of the knife and Wc is 

the mass of the crankpin. Uniform angular velocity of the crank is assumed. 

If the ratio R/VL1 — S2 is less than 0.25, the inertia force of the 

reciprocating parts can be represented by the following approximate rela¬ 
tion, using any consistent set of units.25 

KS 
Fh = (Ws + W2) Ru2 (cos <pc + — sin <pc - K cos 2</>c) (14.1) 

K 

where Fh = inertia force of the knife and the W2 portion of the pitman 
mass 

co = angular velocity of the crank, in radians per second 

= angle of crank rotation beyond reference position indicated in 
Fig. 14.7 

L = length of pitman 

R = radius of rotation of crankpin 

S = height of crankshaft centerline above the plane of the pivot 

connection between the knife and the pitman 
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K = R/VL2 - S2 

Note that the inertia force varies as the square of the crank speed and as 

the first power of the stroke. The magnitude of the peak values of Fh at the 

two ends of the stroke are slightly different because cf)p (Fig. 14.7) is dif¬ 

ferent. Careful attention ' must be given to the algebraic signs of the 

trigonometric functions for values of 0C or 2 0C greater than 90°. 
Because of the angle between the pitman and the knife, a periodic vertical 

reaction Fv, alternating upward and downward, is introduced at the knife 
head. If the knife-head guides are loose, flexing of the knife may cause early 

fatigue failure of the knife back. 

14.15 Counterbalancing and Vibration Control. Counterbalancing is not 

imperative if the mass of the machine or component supporting the cutter- 

bar is large in comparison with the reciprocating force, as on a self-propelled 

windrower or a grain combine. But counterbalancing and/or vibration isola¬ 

tion is needed on a field mower because its frame is relatively light. Vibra¬ 

tion sets up stresses in many parts of the mower structure, increasing main¬ 

tenance requirements and the possibility of early fatigue failures. 

The rotating counterweight commonly provided on the flywheel of a 

pitman-type drive does not give complete balancing because its centrifugal 

force is constant whereas the inertia force of the reciprocating parts is a 

function of the crank angle 0C. The usual compromise is to provide sufficient 

mass opposite the crankpin to counterbalance Wc + Wx and half of the max¬ 

imum unbalance Fr (Fig. 14.7) that results from Fh. The vertical vibration 
component introduced by the counterweight is then about equal to the 

reduced maximum horizontal component of the knife plus counterweight. 

One approach that has been taken to reduce vibration on pitman-type 

drives is to support the crankshaft in a casting that is isolated from the main 

frame through flexible, rubber mountings. The drag bar (coupling bar) that 

supports the cutterbar is attached to the crankshaft housing. The crankshaft 

assembly and cutterbar then reciprocate, as a unit, in the opposite direction 

from the knife but at an amplitude much smaller than the knife stroke 

because of the greater mass. 
Essentially full dynamic balancing of reciprocating parts can be obtained 

by the addition of a second, driven reciprocating mass that moves in direct 

opposition to the first mass and is as closely in line with it as is feasible. 

Figure 14.8a shows one such arrangement. Experience has indicated that a 

certain degree of cutterbar vibration is desirable in some situations to help 

move the cut material back across the top of the bar. The drive shown in Fig. 

14.5 has a reciprocating counterweight that is offset from the line of motion 

of the knife and thus introduces a cyclic couple on the cutterbar in the 

horizontal plane. 
The two opposed, reciprocating knives of a double-knife mower provide 

essentially full dynamic balancing. If only one cut per stroke is obtained, this 
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Fig. 14.8. Two methods of providing full dynamic balancing, [a) Reciprocating counterweight. 

(L. E. Elfes.8) (b) Twin flywheels with opposed counterweights. 

arrangement requires only half the stroke of a comparable single-knife cut- 

terbar, thus permitting higher crank speeds for the same peak inertia forces. 

Another design employs twin, counter-rotating flywheels mounted on the 

inner shoe with short pitman drives to a bar across the knife head (Fig. 

14.86). For any rotational angle of the counterweighted flywheels, Fr is cons¬ 

tant but components F\ and F2 cancel each other and the sum of F} + F4 

cancels the inertia force of the knife (assuming sinusoidal motion of the 
knife, which is not quite correct). 

Full dynamic balancing minimizes vibration at a given crank speed. It 

also permits the use of higher crank speeds and, hence, greater forward 
speeds. 

14.16. Cutting-Energy and Power Requirements for a Mower. With a 

2.13-m [7-ft] mounted mower having a conventional type of cutterbar and 
a drive of the type shown in Fig. 14.8a, Elfes8 made limited tests in 

moderately heavy, mixed hay and obtained the following results. 

Avg. equivalent Average Average peak 

max. knife load PTO power PTO power 

Inertia and friction 

kN lbf kW _h£_ kW 
±£- 

load (no cutting) 1.82 410 1.27 1.70 4.61 6.18 
Mowing at 7.9 km/h 2.54 570 1.90 2.55 5.22 7.00 
Increase due to cutting 0.72 160 0.63 0.85 0.61 0.82 

These results, obtained with a crank speed of 942 r/min and a feed rate of 

68.1 mm [2.68 in.] per stroke, indicate an average PTO input of only 0.91 

kW per metre of cutterbar length [0.37 hp/ft] but peak values (one peak per 

stroke) of about 2.4 kW/m [1 hp/ft]. At 1255 r/min the average PTO 
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input was about 1.2 kW/m [0.5 hp/ft]. The total power requirements for 

the mower would include the draft due to the cutterbar drag. It is not known 

how well these power requirements would apply to other types of mowers or 

to other cutting conditions. Harbage and Morr13 measured no-load pitman 

thrusts of 2.85 and 6.05 kN [640 and 1360 lbf] for a 2.13-m [7-ft] mower at 

crank speeds of 970 and 1360 r/min, respectively. The thrust at 1250 r/min 

was 4.9 kN [1100 lbf] when mowing bluegrass with a new knife. With a dull 

knife, the pitman thrust at 1070 r/min was 9.72 kN [2185 lbf]. 
Laboratory studies have been made to determine the effects of various 

parameters upon the energy required to cut individual stalks or groups of 

stalks. Chancellor5 found that the energy required to cut groups of stalks 

into 13-mm [Vi-in.] lengths, at velocities comparable with mowing, ranged 

from 0.33 to 2.0 kW-h per megagram of dry matter [0.4 to 2.4 hp-h/ton]. 

To make one cut per stalk, as in mowing, Chancellor’s maximum energy re¬ 

quirements represent less than 10% of the 0.63-kW increase due to cutting 

that Elfes obtained in his field tests. Prince and his associates24 also found 

that the increase in knife force due to cutting in the field was about ten times 

as great as predicted on the basis of laboratory tests with single stalks. The 

increase in knife force may be partly attributable to increased knife friction 

during cutting.24 

HAY CONDITIONING 

In common usage, the term hay conditioning refers to any form of 

mechanical treatment of freshly cut hay in the field that is performed to In¬ 

crease the natural drying rate. The objective of conditioning is to reduce the 

field curing time and thus minimize the possibility of loss due to bad 

weather. Hay conditioning is not particularly beneficial in areas where there 

is little likelihood of rain during the harvest season, but can result in substan¬ 

tial savings in the midwestern and eastern sections of the United States, 

where summer rains occur frequently. 
Conditioning has the greatest effect on thick-stemmed plants, such as 

alfalfa and sudan grass, because the stems normally dry more slowly than 

the leaves. Laboratory tests with various mechanical, chemical, thermal, and 

electrical treatments applied to alfalfa indicated that crushing the stems to 

. increase the amount of exposed surface is one of the most effective ways to 

increase the drying rate.23 Fastest drying in other laboratory tests was ob¬ 

tained when the stems were severely crushed or were penetrated at intervals 

of perhaps 5 to 10 mm [several places per inch] with a small nail, rather than 

being twisted, smashed at 50-mm [2-in.] intervals, or cut up into 50- 
mm lengths.22 After hard crushing (more severe than would be acceptable in 

a field operation) the stems dried faster than the leaves. 
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14.17. Types of Conditioners. Flail mowers have a conditioning effect 

because of the lacerating, cutting, and breaking of stems by the flail knives. 

Separate pull-type conditioners, combination mower-conditioners, and self- 

propelled windrowers with conditioner attachments all employ pairs of rolls 

that either (a) crush the stalks continuously or intermittently or (b) bend and 
crack the stalks transversely at intervals of 25 to 50 mm [1 to 2 in.] with lit¬ 

tle or no crushing. These two types of conditioners are known as crushers 

and crimpers. A crimper has two steel, fluted rolls that are intermeshed but 

usually synchronized through external drive gears so the ribs do not contact 

each other. Springs hold one of the pair of crimper rolls against stops that 

limit radial overlap to perhaps 10 to 16 mm [3/s to % in.]. The springs per¬ 

mit the rolls to spread if a slug of hay or some foreign object is encountered. 

The rolls of a crusher are held together by adjustable springs. One roll is 

made of rubber, either laminated from rubber-and-cord disks or molded. 
The other roll is usually steel but sometimes rubber. To improve pickup 

and/or feeding, steel rolls usually have spiral or herringbone flutes formed 

by welding bars onto a drum, or in some cases have an open, squirrel-cage 

arrangement of steel bars around the periphery. Rubber rolls may or may 

not be fluted. One design with two rubber rolls has intermeshing, 

herringbone or chevron-shaped flutes that crimp the stalks in addition to 
crushing them. 

Crimper or crusher roll diameters are usually between 125 and 250 mm [5 

and 10 in.]. Peripheral speeds are mostly 7.1 to 9.1 m/s [1400 to 1800 

ft/min] for crushers and 6.6 to 7.6 m/s [1300 to 1500 ft/min] for crim¬ 

pers. High ratios between peripheral speed and forward speed are desirable 

to produce thin layers between the rolls.3 Crimpers have a more aggressive 
feeding action than do crushers. 

Separate conditioners usually pick up mowed hay from the swath, but 

windrows can be put through them. The bottom roll acts as the pickup. 

Mower-conditioners with not over 2.75-m [9-ft] cuts have conditioner rolls 

with lengths approximately equal to the width of cut, and the hay is fed 

directly to the rolls from the cutterbar. Self-propelled windrowers, except 

for a few 2.75-m models that have full-width conditioners, put the windrow 
through the conditioner. Some self-propelled windrowers feed the hay di¬ 

rectly from the cross conveyors into the conditioner, whereas other models 

drop the hay onto the stubble and the conditioner then picks it up. Separate 

conditioners and mower-conditioners now being manufactured are predom¬ 

inantly crushers, but both crushers and crimpers are common on self- 
propelled windrowers. 

14.18. Separate Conditioners. Separate conditioners came into 

prominence in the 1950s but production declined steadily during the 1960s.27 

Mower-conditioners have largely replaced separate conditioners. 

Originally, conditioning was often a separate operation, performed with a 
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second tractor following the mower. Subsequently, mowers were made 

available with hitches and PTO extensions to permit pulling a conditioner 

behind the mower. The conditioner then picks up the swath adjacent to the 

one being cut. This arrangement still involves two implements and is cum¬ 

bersome and inconvenient to use. Most separate conditioners have effective 

widths of 1.83 to 2.13 m [72 to 84 in.] and are designed to pick up the swath 

from a 2.13-m [7-ft] mower. 
14.19. Mower-Conditioners. Although combination mower-crushers were 

tried experimentally in the early 1930s, the first generally acceptable com¬ 

mercial model did not appear until 1964.27 Three years later, 12 manufac¬ 

turers had retail sales totaling almost 12 000 units.27 Basically, a pull-type 

mower-conditioner consists of a cutterbar, a reel, a pair of full-width con¬ 

ditioning rolls, and a deflector (Fig. 14.9). The most common cutting width 

Fig. 14.9. Schematic, cross-sectional view of a mower-conditioner. Side deflectors that can be 

used to form a windrow are not shown. 

is 2.75 m [9 ft], but widths range from 2.13 to 3.65 m [7 to 12 ft]. The 3.65-m 

[12-ft] models have rolls 2.13 to 2.75 m [7 to 9 ft] long with short, 

auger-type cross conveyors at the outer ends of the header. The conditioned 

hay can be left evenly spread in a swath a little narrower than the cut, or side 

deflectors behind the rolls can be adjusted to obtain various windrow widths 

and positions. Windrows cure more slowly than hay in the swath but can be 

straddled with the tractor and sometimes eliminate the raking operation. 

The cutterbar is similar to that of a conventional mower except that the 

guards are more pointed and slender to improve performance in tangled or 

lodged crops and are made in pairs to provide greater support in mounting. 
Chrome-plated knife sections are sometimes employed. Because of the ex¬ 

cellent wearing qualities of the hard plating, resharpening of these is not 

necessary. Chromed sections may be top-serrated (since they are not reshar¬ 

pened), under-serrated, or smooth. Knife speeds are usually 600 to 800 cy¬ 

cles per minute (somewhat slower than on mowers). 
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Wide runners at the ends of the header are adjustable to control the 

cutting height, most of the header gravitational force being carried on coun¬ 

terbalance springs. Each end of the header should float independently. Reels 

are of the pickup type and have cam-controlled tooth bars as shown in Fig. 

14.10 left. Provision should be made for increasing the reel speed and mov¬ 

ing the reel forward and downward when hay is lodged. In California tests 

with a self-propelled windrower, a reel peripheral speed twice the forward 

speed did a good job in badly lodged alfalfa but a ratio of 1.35 was too 
slow.10 

Because of the pickup reels, both mower-conditioners and self-propelled 

windrowers can effectively cut lodged or leaning hay from any direction, 

seldom plug, and are not affected by strong winds. They can be used for 

hybrid grasses 1.5 to 3 m [5 to 10 ft] tall, as well as in tangled crops. In areas 

where conditioning is needed, mower-conditioners have greater capacity 

than a combination of a mower and a separate conditioner. The new cost of 

mower-conditioners is much lower than that of self-propelled windrowers, 
which makes them more suitable for small or medium areas. 

14.20. Field Drying Rates and Curing Times. A great many field tests 

have been conducted by various state agricultural experiment stations to 

evaluate the effectiveness of hay conditioners and determine problems 

associated with their use. In general, tests in humid areas have indicated 

that, under reasonably good drying conditions, conditioning can reduce cur¬ 

ing times by about one day, often permitting the hay to be baled or stored (at 

20 to 25% moisture content) on the afternoon of the day following 

cutting.2,4,9,21 In some cases, hay that has not over 75% initial moisture and 

is mowed early in the morning can be baled or stored by late afternoon of the 
same day.4,9,26 

It is common practice in geographical areas where there is little likelihood 
of rain during the curing period to bale hay in the early morning when it is 

damp from night pickup of moisture, rather than in the afternoon. This 

procedure minimizes leaf shatter. Conditioning following conventional 

mowing is not generally practiced in these areas, but tests at the California 

Agricultural Experiment Station18 indicated that mowetf-and-conditioned 

hay dried to an early-morning moisture content of 20% in 3 to 5 days, 

whereas unconditioned hay required 2 days longer. Conditioning had little 
effect upon quality. 

Conditioning should be done as soon as possible after mowing, to max¬ 

imize the time of the accelerated drying resulting from conditioning. The ef¬ 

fectiveness of a crusher is increased by reducing the thickness of the hay 

layer passing between the rolls and by increasing the roll pressure.3,26 Ex¬ 

cessive roll pressure, however, bruises leaves and tends to increase field 

losses by clipping off tips and leaf clusters. When crushing from the swath, 

pressures of 4.4 to 5.3 kN per metre of roll length [25 to 30 lbf/in.] have 
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given good results.3,26 Most comparative tests have shown crushers to be 

slightly more effective than crimpers when conditioning hay from the 

swath.2,9,15,21,26 However, there is no evidence to establish such a relation for 

conditioning windrows as on a self-propelled windrower. Flail-mowed hay 

left in the swath will cure about as fast as crushed hay.11,15,19 In Wisconsin 

tests,1 an alfalfa-brome mixture dried at the same rate when cut with a 

mower-conditioner and left in the swath as when conditioned as a separate 

operation. 
Numerous Field tests have indicated that hay which is windrowed immedi¬ 

ately after mowing and conditioning requires about the same curing time as 

unconditioned hay left in the swath until the moisture content is 40 to 50% or 

less. When harvesting an alfalfa-brome mixture, windrows made with a flail 

mower1,12 or a mower-conditioner1 dried at about the same rate as uncon¬ 

ditioned hay. Several investigators9,10,12,15 found that conditioned windrows 

made with self-propelled windrowers dried more slowly during the first day 

than did unconditioned hay in the swath, but had about the same moisture 

content by the end of the second day. In California tests,10 conditioned win¬ 

drows made with a self-propelled windrower dried to an early-morning 

moisture content of 20% one day sooner than mowed, unconditioned hay (5 

days versus 6 days). 

Conditioning is less advantageous under adverse weather conditions than 

in good drying weather. Conditioned hay picks up moisture more rapidly 

than unconditioned hay, either from rain or from normal night-time in¬ 

creases in relative humidity.9,18 High soil moisture content also reduces the 

drying rate. 

14.21. Field Losses from Conditioning. Observations of potential losses by 

shaking on a 51-mm-mesh [2-in.-mesh] screen, and of actual losses by pick¬ 

ing up missed material after windrowing and baling, indicate that losses due 

to conditioning with a separate conditioner or with a mower-conditioner 

may be greater than from mowing without conditioning by 1 to 4% of the 

yield.1,2,18 These losses are of little consequence in situations where con¬ 

ditioning appreciably reduces the probability of losses resulting from rain or 

other adverse conditions. As indicated in Section 14.5, losses from flail 

mowers may be 10% or more, especially when the aggressiveness of these 

machines is adjusted to give drying rates comparable with crushing. 

WINDROWING 

14.22. Methods of Windrowing. Most methods of harvesting hay, as well 

as some seed harvesting and green-crop harvesting operations, involve win¬ 

drowing. As previously mentioned, hay can be windrowed in conjunction 

with the cutting operation by means of flail mowers, mower-conditioners, or 
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self-propelled windrowers. Windrowing as a separate operation is usually 

done with side-delivery rakes. In harvesting hay by mowing and raking, the 

raking operation is usually done after the hay has dried to a moisture con¬ 

tent of 50% or less. Side-delivery rakes are also employed to turn windrows, 

when necessary to improve drying, and for combining small windrows to 

permit operating balers at greater output rates. 

14.23. Self-Propelled Windrowers. The first extensive use of self- 

propelled windrowers for harvesting hay was in about 1960. These machines 

are well-suited for harvesting large areas in localities where weather is not a 

serious hazard. Their high initial cost makes them uneconomical for small 

areas, particularly if mowed hay normally is not conditioned.10 The steering 

system based on differential speeds of the drive wheels, with the rear wheel 

or wheels castered, makes self-propelled windrowers extremely 

maneuverable and well-suited to back-and-forth cutting in fields having 

irrigation levees. Models having dual hydrostatic propulsion drives (Section 
4.25) are common. 

Fig. 14.10. Two types of headers for self-propelled windrowers. Left: Auger cross conveyor and 

reel with cam-controlled tooth bars. (Courtesy of Sperry New Holland.) Right: Draper-type 

header with parallel-slat pickup reel. (Courtesy of Deere & Co.) 

Two types of headers are shown in Fig. 14.10. The auger cross feed is the 

most common type on hay machines but is too aggressive for grain. The 

draper type is employed on windrowers intended for both grain and hay. The 

maximum width that should be cut with a hay windrower is limited 

primarily by the maximum size of windrow that will cure in an acceptable 

time. Windrowers with cutting widths of 3.65 and 4.25 m [12 and 14 ft] are 

popular in irrigated areas where hay yields per cutting are usually 2.2 to 3.4 

Mg of dry matter per hectare [1 to Vh tons per acre].10 When high-capacity 

balers are employed, two windrows are raked together prior to baling. As on 
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mower-conditioners, the cutting height is gaged by runners, and header 

counter-balance springs are employed. 

Knife speeds are about the same as on mower-conditioners (600 to 800 cy¬ 

cles per minute), but strokes are often 6 to 10 mm ['A to 3/s in.] greater than 

the 76.2-mm [3-in.] guard spacing. Chrome-plated knife sections are used 

almost universally. Conditioning attachments are usually 0.9 to 1.4 m [3 to 

4Vi ft] wide, but the direct-feed, full-width-conditioner system of pull-type 

mower-conditioners has also been applied to some 2.75-m [9-ft] self- 

propelled machines. 
14.24. Effects of Self-Propelled Windrowers upon Yields and Quality. 

Baled-hay yields from windrowing and from mowing and raking were com¬ 

pared for a total of 12 cuttings in California tests.10 All of the four fields had 

irrigation levees. In a field with relatively high levees spaced 8.5 m [28 ft] 

apart, yields from the windrowed checks were 9 to 13% less than from 

mowed-and-raked checks. Much of the difference was due to taller stubble 

left by the windrower adjacent to the levee when one end of the header was 

on top of the levee. In fields having lower levees 11.6 or 18.3 m [38 or 60 ft] 

apart, the yield reduction was only 2 to 7%. The windrower yield in a badly 

lodged crop was 6% greater than the mowed-and-raked yield. 

The California results suggest that windrowing instead of mowing should 

cause little difference in yields of an upright crop in a flat field with no 

levees. Tests have shown yields to be about the same from the two systems in 

New York, with more stubble loss but less leaf loss from windrowing.15 The 

protein content of windrowed hay tends to be a little greater than that of 

mowed hay because of the taller stubble left in the field and the reduced leaf 

loss.10,15 
14.25. Types of Side Delivery Rakes. Most present-day side delivery 

rakes are either reel-type units or finger-wheel units. Prior to 1948, all reel- 

type rakes were of the cylindrical-reel type. The teeth rotated in parallel 

positions in planes perpendicular to the reel axis, similar to the pickup reel 

shown in Fig. 14.10 right. Virtually all reel-type rakes now manufactured in 

the United States are of the oblique reel-head (parallel-bar) type. The reel 

heads are set at a horizontally acute angle from the reel axis but in parallel 

planes, as indicated in Fig. 14.11c. 
The tooth-bar ends are shaped so the axe'' of the tooth-bar bearings (Fig. 

3.2) are perpendicular to the planes of the reel heads. This arrangement 

automatically maintains the teeth in parallel posfiions (usually about ver¬ 

tical) as the reel rotates. The rotational path of any tooth is in a plane 

parallel to the reel-head planes. Thus the horizor ,al movement of the teeth 

with respect to the rake can be 85 to 90° (or theoretically even more) from 

the direction of forward motion. 
Tooth pitch is changed for different hay conaifions by rotating the reel 

frame about the reel axis. Pitching the bottom erds of the teeih forward 
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gives a more vigorous raking action for heavy crops. Oblique reel-head rakes 
usually have 4 or 5 tooth bars. Raking widths range from 2.1 to 2.9 m [7 to 
9‘/2 ft], the size usually being selected to match the mowing width. 

The reels of pull-type rakes are usually driven by the ground wheels, 
although hydraulic drives are also available. Ground drive provides the 
desirable feature of maintaining a constant speed ratio between reel 
peripheral speed and forward speed (usually between 1.35 and 1.70). The two 
support wheels are usually offset from each other in the fore-and-aft direc¬ 
tion so each one can be close behind the reel for good height control. Moun¬ 
ted, PTO-driven rakes are lighter and less expensive than pull-type rakes, 
but the speed ratio is changed when the tractor is operated in different 
transmission gears. Pull-type rakes are more stable and have greater 
clearances for hay in front of the reel. 

A finger-wheel rake has a series of individually floating, ground-driven 
wheels set at an angle to the direction of motion and overlapping each other 
as indicated in Fig. 14.126. Each wheel is partially counterbalanced with a 
tension spring and has spring teeth around the periphery that operate in light 
contact with the ground. The floating feature allows the rake to adjust itself 
to the contour of surface irregularities such as irrigation levees or terrace 
channels. Wheel tooth-tip diameters are usually about 1.5 m [5 ft]. 

Since each wheel is set at an angle to the direction of travel, there is a 
velocity component perpendicular to the plane of the wheel in addition to the 
component causing rotation. The perpendicular component results in a 
dragging action of the teeth, approximately parallel to the axle. Although 
contact with the ground results in a clean job of raking, it tends to create a 
dust cloud in some fields and may cause some trash and debris to be put into 
the windrow. Disk shields are desirable in windy conditions to keep hay out 
of the spokes. 

14.26. Analysis of Raking Action for Reel-Type Rakes. In analyzing and 
discussing both types of rakes, the following general symbols and terms will 
be used. Others will be identified as needed. 

Vp = peripheral velocity of teeth 

Vtr = reel component, which is the average horizontal component of 
tooth velocity with respect to the rake during the angle of rotation 
in which the teeth are in contact with the hay 

Vf = forward velocity of rake 

V, = resultant tooth velocity with respect to the ground, which is the 
vector sum of FVand Vtr 

vh = average hay velocity with respect to the ground as the hay is 
moved from the swath into the windrow along the hay path 

Vhr = average hay velocity with respect to the rake as the hay is moved 
along the raking front 

7 = acute angle between the raking front and the line of forward mo- 
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tion. With a reel-type rake, the raking front is parallel to the cen¬ 

terline of the reel. 
d,r = reel-component angle, which is the angle between Vtr and the line 

of forward motion 

6, = resultant tooth-path angle, which is the angle between V, and the 

line of forward motion 
= angle between tooth bars on reel-type rakes 

Rpf = ratio of tooth peripheral velocity to forward velocity = Vp /Vf 

Consider the action of the teeth that rotate in plane CD, as indicated in 

Fig. 14.11. As the reel rotates, the teeth on bar A (Fig. 14.116) start to rake 

at some angle a, from the centerline and continue to move the hay until the 

vertical clearance is sufficient to allow the teeth to pass over the roll of hay 

(at angle a2 in the vertical section and line EF on the plan view). The total 

vertical clearance would then be y2 plus the height of the teeth above the 

ground at their lowest point. The effective raking stroke of each tooth is L, 

+ L2. The forward motion of the rake during the angle a\ + a2 is indicated 

by X\. After bar A drops the hay at EF, the reel will continue to rotate 

through the angle (3 — a\ — a2 before a tooth on bar B contacts the 

Verticpl section at CD 

Plan view 

respect to frame 

(c) 

Fig. 14.11. Diagram showing the raking action, effective raking stroke (L, + I, and velocity 

relations for reel-type rakes. Relations shown in (c) are typical, for an assumed y2 of 76 mm 

[3 in.]. 
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previously moved hay at F. The forward motion during this angle is jt2. If r is 

the radius of the tooth circle, then, by definition (expressing aa2, and /? in 

degrees), 
2nr(Ji - ax - a2) 

Rpf 

from which 

x2 = 

360x2 

2nr(P~ ai - ot2) 

360R pf 

The geometry of Fig. 14.11 indicates that 

(Li +L2) sin 6tr 
x2 = L2 cos 6tr + 

= (Li + L2) cos 6tr + 

tan 7 

sin 6tr 

+ Li cosdtr 

tan 7 

Since Li = r sin ax and L2 =r sin a2 , it follows that 

x2 = r(sin ax + sin a2) cos dtr + 
sin 6 tr 

tan 7 

(14.2) 

(14.3) 

(14.4) 

Combining equations 14.2 and 14.4 and solving for 0 - oq - a2 

2nr(P - aq - a2) 

360Rpf 
= /-(sin ax + sin a2) (cos 6tr + 

360 

sin 6 tr 

tan 7 

0 - &i - a2 - Rpf(sin ax + sin a2) (cos 0tr + 
sin 6 tr 

tan 7 
(14.5) 

Equation 14.5 expresses the relation between rake design parameters and 

angular displacements cti and a2. To solve this equation (assuming all rake 

parameters are known) it is convenient to assume a value or values for >7 and 

calculate a2 from the relation, cos a2 = (r - y2)/r, after which a, can be 

determined from equation 14.5. In practice, y2 will vary, depending upon the 

position along the reel, the size of the hay crop, the stubble height, and the 

clearance between the reel and the ground. Reasonable values for y2 might 

be 25 to 50 mm [1 to 2 in.] at the end of the reel farthest from the windrow 

and 150 to 200 mm [6 to 8 in.] near the windrow-end of the reel. 

Velocity relations are shown in Fig. 14.11c. Vtr is parallel to the reel heads 

and Vj is in the direction of forward travel. Vtr will always be less than the 
peripheral velocity Vp. From distances in 14.116, the relation is 

Li + L2 

2itr 

360(sin oq + sin a2) 

27r(aj + a2) ax + a2 (14.6) 
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Since, by definition, Vp = Vf X Rpf, it follows that 

Vtr ^ 360/? (sin +sina2) 

Vf 2n(a.x +a2) 

The relative magnitudes of Vtr and F^(from equation 14.7) determine the 

resultant tooth-path angle 6t and permit graphic evaluation of Vtr and Vt for 

a given fy(Fig. 14.1 lc). In applying the above equations, care must be given 
to the algebraic signs of ai, and L\. Values of «i, «2, Li, and Li are con¬ 

sidered positive as shown in Fig. 14.116. Negative values for a\ and L\ in¬ 

dicate that the start of the effective raking stroke is beyond the lowest point 

of tooth travel. 
14.27. Analysis of Raking Action for a Finger-Wheel Rake. The action of 

one wheel is shown in Fig. 14.12a and velocity relations for a complete rake 

are shown in Fig. 14.126. The velocity of the axle in the plane of the wheel is 

the component Va of the forward velocity Vf. Since the tips of the teeth are in 

contact with the ground, causing the wheel to rotate, the peripheral velocity 

Vp is numerically equal to Va. The wheel will act upon the hay at some 
average height y above the ground, with a reel (wheel) component of 

Vtr = — Va = Vf — cos (180- 6tr) (14.8) 
r r 

where d(r is expressed in degrees. After assuming a value for y and 

calculating Vtr, the resultant tooth velocity Vt for a given Vf, and the angle d,, 
can be determined graphically as indicated. The direction of Vt is slightly 

forward of the wheel axis because it represents the path of a point on the 

Fig. 14.12. Velocity relations for a finger-wheel rake. 
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tooth that is above the ground surface. 

14.28. Length of Hay Path and Average Hay Velocity. After determining 

the resultant tooth-path angle dt, the theoretical average hay velocity Vh can 

be determined graphically in relation to the forward velocity Vj-, as indicated 

in Fig. 14.11c and 14.12b. The assumption is made that the hay follows the 

resultant tooth path. This assumption neglects any effect of the stripper bars 

in retarding the hay movement along the raking front. 

The theoretical maximum length of hay path Sh for moving hay across the 
full raking width W, along the resultant tooth path is 

Sh 
w 

sin dt 
(14.9) 

If Field observations indicate that the actual hay-path angle is not the 

same as 6t, then the observed hay-path angle should be used in calculating 
the actual length of hay path and determining the actual average hay 
velocity. 

14.29. Desirable Raking Characteristics. Among the factors to be con¬ 

sidered in evaluating or comparing rake performances are the following: 

1. Amount of leaf loss due to shattering. 
2. Amount of hay missed. 

3. Amount of trash, dirt, stones, and other debris put into the windrows. 
4. Uniformity and continuity of windrow. 

5. Leafy portions should be in the center of the windrow and the stems 
toward the outside. 

Leaf loss is one of the most important considerations, particularly if the 

hay is a little too dry when raked. Shattering of seed crops such as beans or 
alfalfa would represent a similar type of loss. 

14.30. Rake Design and Operating Parameters that Affect Leaf Shatter. 

The amount of leaf loss caused by a rake is influenced by such factors as the 

distance the hay is moved from the swath into the windrow, the average hay 

velocity, the type of hay-moving action (rolling, lifting, dragging), and any 

accelerating and decelerating action or periodic impacts of the rake teeth 

upon the hay as it is being moved. The major factor affecting the average 

hay velocity is forward speed. High forward speeds increase leaf shatter. 

The ratio of the resultant tooth velocity Fj to the average hay velocity Fj; 

is an index of the impacting action. This ratio should be as small as possible', 

the ideal limit being V,/Vh = 1. It is evident from Fig. 14.11c and 14.126 

that the VJ Vh ratio is somewhat lower for the finger-wheel rake than for the 
reel-type rake, indicating a smoother, more gentle raking action and 
probably less leaf shatter. 

With a reel-type rake, decreasing the peripheral speed ratio R , increases 

the length of hay path slightly but has the desirable effects of reducing the 
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frequency of impacts and decreasing Vt/Vh. Increasing the number of tooth 

bars decreases a, and may slightly decrease Vt/Vh. The Vt/Vh ratio for a 

finger-wheel rake is minimized by having the individual wheels as nearly 

parallel with the raking front as is feasible (dtr nearly equal to 180 -7). 

However, low ratios are less important than with a reel-type rake because of 

the low frequency of velocity changes. With either type of rake, increasing dtr 

decreases Vt/Vh and decreases the hay-path length. Increasing the raking 

angle 7 also decreases Vt/Vh, provided the hay follows the resultant tooth 

path. 
Although the theoretical effects of these parameters can be determined 

analytically, the relative importance and magnitudes of the effects of the 

different factors in relation to leaf loss must be determined experimentally. 

At the present time there is very little reliable published information on the 

subject. 
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PROBLEMS 

14.1. (a) How much water must be removed to obtain 1 Mg of cured hay at 20% moisture 

content (wet basis), starting with green hay at 75% moisture content? 

(b) What percentage of this amount is removed in the swath if the hay is raked at 45% 
moisture content? 

14.2. Consider a mower with dimensions indicated in Fig. 14.6, operating at a crank speed of 

1000 r/min. Assume sinusoidal motion of the knife. Calculate: 

(a) Crank angles from beginning of stroke, for start and Finish of cutting. 

(b) Percent of stroke during which cutting occurs. 

(c) Percent of forward travel during which cutting occurs. 

(d) Maximum velocity of knife, in metres per second (with respect to ledger plate). 
(e) Knife velocities at start and finish of cutting. 

14.3. Repeat parts (c) and (e) in Problem 14.2, assuming the same guard spacing and the 

same dimensions for the ledger plates and knife sections, but with a 66-mm knife stroke. Com¬ 

pare with results obtained in Problem 14.2 for a 76.2-mm stroke. 

14.4. A mower operating at a crank speed of 1000 r/min has Y = 240 mm; L = 1.06 m; R = 

38 mm (see Fig. 14.7); knife mass = 4.4 kg; pitman mass = 3.4 kg, with center of gravity 0.48 m 

from crank end; crankpin mass = 0.35 kg. Calculate: 

(a) (t>c and <Pp at each end of stroke (see Fig. 14.7 for reference position in which 0. =0). 
(b) Inertia force Fh at each end of stroke. f 

(c) Magnitude and direction of Fv at each end of stroke. 

14.5. Measurements on a four-bar oblique reel-head rake gave R = 1.48 6 = 87° v = 
65°, and r = 290 mm. ,r 

(a) Assuming y2 = 150 mm, calculate a,, a2, and Vtr/V 

(b) Calculate F(r/F and determine graphically the values of the resultant tooth-path angle 
6/ and the velocity ratio Vt/Vh. 



15 

Packaging and 
Handling Hay 

15.1. Introduction. In general, hay is handled from the field as bales, 

cubes or wafers, chopped hay, or long loose hay. Baling and cubing or wafer- 
ing are essentially packaging operations performed to facilitate handling, 

transport, and storing. Densities of baled hay generally range from 130 to 

225 kg/m3 [8 to 14 lb/ft3], the higher values being for wire-tied bales. Cubes 

usually have a bulk density of 400 to 480 kg/m3 [25 to 30 lb/ft3]. The com¬ 

monly accepted value for long loose hay (not mechanically compressed dur¬ 
ing stacking) is 65 kg/m3 [4 lb/ft3]. 

Field baling is a high-capacity, flexible, one-man operation with relatively 

low harvest losses. Over 80% of the United States hay crop has been baled 

each year since about 1960. Conventional Field balers typically make bales 

having masses from 20 to 70 kg [40 to 150 lb]. Equipment is available for 

complete mechanical handling of conventional bales from the Field into the 

stack or onto a commercial truck, but large annual productions are 

necessary for economic justiFication of the more sophisticated types of hand¬ 

ling equipment. A considerable amount of hard, hand labor is still required 

where the production is too small to justify fully mechanized bale-handling 

equipment. 

Field balers that can produce bales having a mass of 700 to 1400 kg [1500 

to 3000 lb] are commercially available. These large bales must always be 

handled mechanically, but handling can be done with a relatively simple 

fork-lift attachment for the three-point hitch on a tractor or with a modified 

front-end loader. 

Cubing requires a large investment in equipment and is the most expensive 

of all hay-handling systems, but the product flows by gravity and can be han¬ 

dled mechanically in bulk. Cubes are well-suited to fully mechanized, push¬ 

button storage and feeding systems, using conventional types of conveyors 

and elevators. Special storage facilities may be required but the volume is 

less than half that of baled hay. Because an extremely low moisture content 

(10 to 12%, or less) is necessary for cubing, this method of packaging is 

limited primarily to arid and semiarid areas in the western states. Cubes 

have given improved feeding response in comparison with baled hay, with 

very little waste. 

341 
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Long loose hay and chopped hay are handled without packaging. Chop¬ 

ping, which accounts for less than 5% of the hay crop, is discussed in Chapter 

16. The percentage of the hay crop handled in the long loose form decreased 

from about 30% in 1951 to 10% in 1961 and 7% in 1967.10 The long loose 

method is employed to the greatest extent in areas where weather permits 

unprotected stack storage and for low-value wild hay crops. Somewhat 

higher storage moisture contents can be tolerated than with baled hay. 

Handling and storing hay in the long loose form involves the least invest¬ 

ment in equipment. Some methods require considerable hand labor, but 

high-capacity equipment is available for mechanized handling on large 

areas. Long loose hay is usually fed locally because its low density makes 

transportation costly. Self-feeding from scattered small stacks is practical. 

15.2. Handling Long Loose Hay. Hay is often gathered, moved short dis¬ 

tances, and stacked with sweep rakes (also known as hay baskets or buck 

stackers) attached to the framework of a high-lift, front-end loader on a 

tractor.14 A sweep rake has long, flexible teeth of selected wood or high- 

strength steel that slide under a windrow or a small stack of hay. High-lift, 

tractor-mounted stackers sometimes have hydraulic-powered hay push-off 

devices rather than requiring the teeth to be tilted downward for unloading. 

Van-type stack-forming wagons (trailers) with windrow pickup devices 

have become increasingly popular since the late 1960s in areas where the hay 

is fed locally. The pickup unit impels and blows the hay into the wagon. 

When the wagon is full, a telescoping, rounded canopy top is forced down 

hydraulically to compress the load. One or more intermediate compression 

operations may be done at different stages of the loading operation. Un¬ 

loading as a stack unit is accomplished by raising the canopy, lowering the 

tailgate, activating a PTO-driven chain-and-slat conveyor, and easing slowly 

forward as the stack is conveyed out. The sides flare out slightly from front 

to rear to facilitate unloading. Capacities are mostly in the range from 1.8 to 

7.2 Mg [2 to 8 tons]. Densities (calculated from manufacturers’ data, 

presumably for alfalfa) are usually 80 to 100 kg/m3 [5 to 6 lb/ft3].15 The 

smoothly rounded top and the moderately compressed condition tend to 

make the stacks more weather resistant than stacks built by hand or with 

sweep rakes. 

Special tilt-bed trucks and tractor-pulled trailers are available for moving 

loose-hay stacks. A PTO-driven series of parallel drag chains on 

longitudinal beams, or a chain-and-slat conveyor on the bed, moves the 
stack onto the tilted bed as the truck or trailer is backed under the stack. The 

speeds of the conveyor and the rearward motion of the stack mover are syn¬ 

chronized so that the stack is lifted without any appreciable fore-and-aft dis¬ 

placement. The reverse procedure is followed when unloading. Capacities 

range from 5 to 14 Mg [6 to 15 tons]. Long-distance hauling is not 

economical.3 
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CONVENTIONAL BALERS 

15.3. Types and Sizes. Current models of conventional field balers are 

automatic-tying machines with reciprocating plungers that produce bales 

having rectangular cross sections. About 15% of the balers sold in 1968 and 

1969 were automatic-wire-tying models and 85% were twine-tying models. 

Low-cost balers forming rolled, round bales wrapped with twine and 

weighing 23 to 32 kg [50 to 70 lb] were commercially available in the 1950s 
but are no longer manufactured. 

Conventional balers are commonly identified as to size by the number of 

wires or twines placed around each bale. Most balers now have 36 X 46-cm 

[14 X 18-in.] or 41 X 46-cm [16 X 18-in.] bale chambers (cross-sectional 

dimensions) and make bales 91 to 102 cm [36 to 40 in.] long with 2 wires or 2 

twines per bale. A few models, however, have 41 X 58-cm [16 X 23-in.] or 

43 X 56-cm [17 X 22-in.] bale chambers and produce 3-wire (or sometimes 

3-twine) bales 114 to 122 cm [45 to 48 in.] long that weigh 57 to 68 kg [125 to 

150 lb]. With either 2-tie or 3-tie machines, cross tying of 

bales in stacking is facilitated by having the length approximately twice the 
width. 

The principal use of three-wire balers is in the western states, in areas 

where a high percentage of the hay is sold and transported commercially. 
Smaller, 2-tie bales, weighing 23 to 36 kg [50 to 80 lb], are preferred in most 

other areas because they are easier to handle. 

Although most field balers are pull-type machines, self-propelled models 

are also available. Self-propelled models provide better visibility and 

maneuverability but require higher annual use to justify their greater first 

cost. A means of varying the forward speed, independent of the baler drive 

speed, is desirable for flexibility in accommodating heavy and light win¬ 

drows. Some self-propelled models have hydrostatic propulsion drives or 

two engines. Pull-type models are available with either a PTO drive or a 

mounted engine. The current trend is toward an increasing percentage of 

PTO drives because of the availability of larger tractors. 

15.4. Functional Components. A plunger-type field baler includes the 

following functional components. 

1. A unit to pick up hay from the windrow and elevate it. 

2. A conveyor to move the hay to the bale-chamber entry. 

3. Packers to place the hay in the chamber while the plunger is on its 

retracted stroke. 

4. A reciprocating plunger to compress the hay and move it through the 

bale chamber. 

5. Means for applying forces to resist the movement of hay through the 

bale chamber and thus control the degree of hay compression and the 

resultant bale density. 
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6. An automatic metering device for controlling bale length. 

7. A means of separating consecutive bales and placing the wires or 

strings around each bale. 
8. Automatic tying devices that operate when the bale reaches the 

preselected length. 

15.5. Windrow Pickup, Conveying, and Feeding Devices. Most field balers 

employ cylinder-type pickup units with spring teeth on cam-controlled tooth 

bars (Fig. 15.1 and 15.2). The height is controlled either by suspension from 

the machine or with a gage wheel (Fig. 15.1). Counterbalance springs sup¬ 

port most of the pickup mass. The pickup cylinder is usually driven from the 

engine or PTO, rather than from a ground wheel. The peripheral speed must 

be greater than the maximum forward speed normally encountered. 

Many different arrangements are employed to move the hay from the 

pickup device into the bale chamber. One system has a floating cross¬ 

conveyor auger, and packer fingers timed to push hay into the chamber 

while the plunger is on its retracting stroke (Fig. 15.1). Other arrangements 

have combined cross conveyors and packers, with fingers that move back 

and forth across the feed table in various motion patterns, sometimes in¬ 

cluding vertical and/or rotary components. The fingers in the upper part of 

Fig. 15.2 are shown part way through the feed stroke. They raise up on the 

return stroke to clear incoming hay and then drop down as they begin to 

move toward the bale chamber. 

Some models have fingers projecting downward from a carriage that 

moves back and forth across the feed table on a horizontal track. The fingers 

are hinged so they lift up and drag over the top of hay on the return stroke 

but are held approximately vertical on the feed stroke. Another system has a 

horizontally moving sweep fork on an arm pivoted on the baler main frame 

Fig. 15.1. A field baler having a floating-auger cross conveyor. Packer fingers place the hay in 

the bale chamber. (Courtesy of Deere & Co.) 
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Fig. 15.2. Pickup unit and Finger-type combined cross conveyor and packer. (Courtesy of 

Sperry New Holland.) 

at a location forward from the bale-chamber feed opening. The fork moves 

the hay in a circular path from the pickup device into the bale chamber. 

Hinged fingers lift up and drag over the top of the incoming hay on the 
return stroke. 

A properly functioning feed mechanism should distribute the hay charge 

across the bale chamber in such a manner that the resulting bale density is 

reasonably uniform across the bale width and height. Packer fingers may 

need to enter the bale chamber farther for light windrows and low baling 

rates than for heavy loads. 

15.6. Compressing Hay and Controlling Bale Density. As the plunger 

moves on its compression stroke, each new hay charge is compressed until 

the plunger force becomes large enough to move the completed and partly 

formed bales along the chamber. On the return stroke of the plunger, the 

compressed hay is held by fixed wedges and by spring-loaded dogs that pro¬ 

ject into the bale chamber. Plunger speeds on current models are usually be¬ 

tween 65 and 80 cycles per minute, with a trend toward higher speeds. 

The density of the bales is primarily a function of the type of material, its 

moisture content, and the total resistance that the plunger must overcome in 

moving the material through the bale chamber (and up the bale chute if a 

trailer is used). The resistance must be adjustable to accommodate different 

materials and conditions. Fixed wedges may be added or removed to obtain 

large changes in resistance, but the principal method of controlling bale den¬ 

sity is by squeezing together 2 sides or all 4 sides of the bale chamber at the 

discharge end. This convergence of the bale-chamber sides, which is ad¬ 

justable, causes the hay to be compressed laterally as it moves through the 

chamber. 
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If one assumes that hay behaves as an elastic material, the portion, Fc, of 

the plunger force that is due to convergence of the sides may be expressed as 

F=E^-(2LW)h (15.1) 
D 

where E = modulus of elasticity of the hay (lateral compressive pressure 

divided by unit lateral deflection) 
y = average lateral deflection over the length of the converging 

section (horizontal or vertical) 
D = average depth of converging section (in the direction of deflec¬ 

tion) 

L = length of converging section 
W = width of converging section (perpendicular to the direction of 

deflection) 
H = coefficient of friction between hay and bale-chamber sides 

Ey/D is the lateral pressure on each converging side and 2LW is the total 

area of the 2 opposing, converging sides. If all 4 sides converge, as in Fig. 

15.3 left, each pair of sides is considered independently and the two Fc values 

are added. 

In addition to the adjustable component Fc, the total plunger force re¬ 

quired to move the hay includes nonadjustable components due to friction 

on the bottom of the entire chamber resulting from the force of gravity on 

the hay, the effects of wedges, etc. To accommodate a wide range of condi¬ 

tions, the adjustable resistance should be large in comparison with the fixed 

resistance. Although equation 15.1 may not accurately portray the condi¬ 

tions in the converging section, it does give an indication of the variables in¬ 

volved. 

One of the problems encountered in baling hay is the change of bale 

density as the moisture content varies from one part of the Field to another, 

or as it changes with time. According to Raney,21 this is because dry 

materials have a considerably lower modulus of elasticity and a lower coef¬ 

ficient of friction than do materials with a higher moisture content, and thus 

require more deflection of the sides to produce a given resistance force. 

Burrough and Graham5 demonstrated with alfalfa that, although part of the 

increase in density with increased moisture content at a given adjustment is 

due to the additional water, the amount of dry matter per bale is also con¬ 

siderably greater. They also found that fot a given adjustment there was an 

appreciable increase in density as the baling rate was increased. 

When coil springs are employed as the so-called tension-control device 
(Fig. 15.3 right), the springs permit some increase in deflection if the 

modulus of elasticity is reduced, but the lateral force decreases, thereby 
reducing Fc and bale density. 
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Fig. 15.3. Two types of bale tension (density) control devices. Left: Automatically controlled 

hydraulic type. (Courtesy of J. A Freeman & Son.) Right: Spring type. (Courtesy of 

International Harvester Co.) 

A hydraulic tension control employs a single hydraulic cylinder to replace 

the two springs, as in Fig. 15.3 left. In most cases the hydraulic pressure is 

constant (but is adjustable from the operator’s station) so that lateral 

pressure for a given adjustment is essentially uniform at all deflections. Such 

a system overcomes the effects of changes in the modulus of elasticity of the 

hay but does not compensate for any changes in the coefficient of friction. 

Nation18 maintained a constant hydraulic pressure while baling a clover- 

ryegrass mixture at moisture contents from 15 to 49% and found that the 

density on a dry-matter basis remained fairly constant at about 96 kg/m3 [6 

lb/ft3]. These results suggest that the coefficient of friction did not change 

much with this particular kind of hay. 

The device shown in Fig. 15.3 left is designed to automatically adjust the 

hydraulic pressure to maintain a more uniform bale density. The cylinder 

pressure is controlled by a spring-loaded star wheel that runs in contact with 

the bale, the points penetrating to a greater or lesser depth depending upon 

the bale density. If the density increases, for example, the wheel is moved 

outward and operates a control valve to automatically reduce the oil 

pressure in the cylinder. Note that this model squeezes all four sides together 

by means of a mechanical, interconnecting linkage. 

15.7. Bale Separation and Tying Systems. The plunger has a knife on the 

leading edge of the side toward the feeder opening (visible in Fig. 15.1 and 

15.2) that acts in conjunction with a stationary ledger plate to completely 

separate successive hay charges by slicing. The slicing facilitates the break¬ 

ing up of bales for feeding livestock and provides separation between bales in 

the chamber. When a bale has reached the desired length, the needles of the 

automatic-tying devices pass through slots in the plunger face while the 

plunger holds the hay in the compressed position. 
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The usual method of controlling bale length with an automatic baler is by 

means of a wheel with pointed projections around its periphery that is 

rotated by contact with the bale in the chamber (the left-hand star wheel in 

Fig. 15.3 left). When the material in the chamber has moved through the 

predetermined bale length, the metering device engages the drive clutch for 

the tying unit. The cycle does not begin, however, until the plunger reaches 

the proper position for correct timing between the needles and the plunger. 

At the usual plunger crank speed, the complete cycle, including needle 

travel, takes place in about V2 s. Uniformity of bale length is inversely 

related to the amount of hay compressed per plunger stroke, since each bale 

must contain a whole number of charges. 
Wire-tied bales are tighter and more durable than bales tied with sisal 

twine and, for this reason, are favored where hay is sold and must be handled 

several times. Twine bales are looser and more tolerant of high moisture 

contents. Twine is not injurious to livestock and is easier to dispose of than is 

wire. Tests have indicated an average twine requirement of about 1.5 kg/Mg 

of hay [3 lb/ton].23 Calculated wire requirements for normal sizes of 2-wire 

and 3-wire bales, assuming a density of 190 kg/m3 [12 lb/ft3] are about 4 

kg/Mg [8 lb/ton]. 
Plastic (polypropylene) twine was developed in the late 1960s. Plastic 

twine is said to be about as strong as wire, but it is not rodent proof. It is in¬ 

termediate between wire and sisal twine in cost per megagram of hay. Plastic 

twine does not rot but cannot be disposed of by burning. It is more uniform 

in diameter than is sisal twine, which is an advantage in regard to knotter 

performance. Plastic twine tends to be used more as an alternate for wire 

than as a replacement for sisal twine. 
ASAE standards have been adopted for twine and for wire. These include 

specifications for ball or coil lengths, strengths, packaging, wire diameter, 

etc. Minimum tensile strengths for twine (material not specified) are 445, 

667, 890, and 1112 N [100, 150, 200, and 250 lbf] for classes identified as 

light, medium, heavy, and extra heavy, respectively. Average strengths 

generally are considerably higher than these minimums. Baling wire is to 

have a tensile strength of 345 to 483 MPa [50,000 to 70,000 psi] and a 

diameter of 1.93 mm ± 0.05 mm [0.076 in. ± 0.002 in.]. These specifications 

represent total strengths of 1000 to 1420 N [225 to 320 lbf], 

15.8. Automatic Twine-Tying Devices. The tying units on twine balers are 

the same in principle as those used for many years on grain binders. Figure 

15.4 shows the basic components of a typical knotter. In the left-hand view, 

the needle has just brought the twine around the bale and placed it in the 

twine holder. The two outside disks of the holder now rotate through the 

angle between adjacent notches while the center disk remains stationary, 

thus pinching the twine between the spring-loaded disks and holding it as 

the needle withdraws. In the right-hand view, the knotter-bill assembly has 
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Knotter bills 

Fig. 15.4. Two views of a twine knotter head from an automatic baler. (Courtesy of Inter¬ 

national Harvester Co.) 

Twine 
holder 

Stripper 

Knife 
Twine 
holder 

rotated almost one turn to form a loop in the string, around the knotter bills. 

As the knotter-bill assembly rotates farther, the bills close over the strings 

held by the twine holder. Then the stripper moves forward to pull the loop 

off of the bills over the ends held between them, and the knife attached to the 

stripper arm cuts the twine. 

An automatic-tying system, whether twine or wire, is a complex 

mechanism requiring careful adjustment and proper timing of the parts, 

together with adequate maintenance and replacement of worn parts. 

15.9. Automatic Wire-Tying Devices. Two types of wire twisters are 
shown in Fig. 15.5. Each type has a clamping device that holds the end of the 

wire which passes from the supply coil, through the eye of the retracted nee¬ 

dle, and around the bale being formed. When the needle has almost reached 

its extreme penetration position during the tying cycle, the clamping device 

is moved to (a) release the wire end that had been held during the bale for¬ 

mation, (b) shear the wire just brought in by the needle, and (c) clamp the 

wire from the needle, which will become the held end for the next bale. The 

loop-twist type has a rotating, double-disk-type holder and cutoff, visible 

just above the loop. The straight-twist type has an oscillating shear-and- 

clamp unit that alternately moves from one side to the other for successive 

cycles and is located behind the label, “No. 3 wire.” 

The twister hook of either device starts to rotate as the shearing-clamping 

action is taking place, and continues to turn through several revolutions af- 



350 PRINCIPLES OF FARM MACHINERY 

Fig. 15.5. Two types of wire twisters. Left: Looped twist. (Courtesy of International Harvester 

Co.) Right: Straight twist. (Courtesy of Sperry New Holland.) 

ter the two ends have been released. A deflector prevents the ends from 

rotating with the twister hook. In the loop-twist type, the deflector causes 

the ends to be bent over the hook, whereas in the straight-twist type the twist 

deflector merely holds the ends close to the twister-hook shank. Movement 

of the tied bale toward the rear has just pulled the loop off of the hook in Fig. 

15.5 left. Bale movement will pull the twisted ends of the wire down past the 

hook in Fig. 15.5 right after the twisting has been completed. 

15.10. Baler Capacities. Some of the machine characteristics that affect 

the capacity of the baler are (a) the size of the bales, (b) the number of 

plunger strokes per minute, (c) capacity limitations of the pickup and feed 

mechanisms, (d) the amount of power available, and (e) the durability and 

reliability of the machine. Important operating factors include (a) size and 

uniformity of windrows, (b) the condition of the field surface, insofar as it 

limits the forward speed, (c) the condition of the hay, (d) the density of the 
bales, and (e) the skill of the operator. 

It should be apparent from a consideration of the above items that baling 

capacities can vary widely. Maximum capacities claimed by manufacturers 

usually range from 14 to 18 Mg [15 to 20 tons] of hay per hour (sometimes 

higher). These capacities presumably are based on machine limitations. Of¬ 

ten, however, overall averages are controlled by windrow size, speed limita¬ 

tions because of field conditions, and field efficiency (lost time). For exam¬ 

ple, if the yield were 2.8 Mg/ha [1 !4 tons per acre], a windrow spacing of 8.0 

m [26.4 ftj would be required to average 11 Mg/h [12 tons/h] at 6.5 km/h [4 
mph] with a field efficiency of 75%. 

The National Institute of Agricultural Engineering tested 7 models of 36 

X 46-cm [14 X 18-in.] balers in England in 1964 and obtained maximum 

continuous hay outputs of 11 to 16.3 Mg/h [12 to 18 tons/h].23 Short-time 

sustained rates as high as 18 to 22 Mg/h [20 to 24 tons/h] were recorded. A 
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survey of 180 users indicated overall averages of 4.5 to 7.3 Mg/h [5 to 8 

tons/h]. Von Bargen24 reported seasonal averages of 5.1 to 7.0 Mg/h [5.6 to 

7.7 tons/h] for four 41 X 46-cm [16 X 18-in.] self-propelled balers in 

Nebraska during 1963, 1964, and 1965 and a maximum down-the-windrow 

capacity of just under 14.5 Mg/h [16 tons/h], 

15.11. Power Requirements. In the NIAE tests,23 PTO power require¬ 

ments for the 7 balers in hay represented energy inputs of 0.69 kW-h/Mg 

[0.84 hp-h/ton] for 3 balers at an average maximum feed rate* of 20.6 Mg/h 

[22.7 tons/h] and 0.90 kW-h/Mg [1.10 hp-h/ton] for 4 balers at an average 

maximum feed rate of 12.7 Mg/h [14.0 tons/h]. The type of hay 

and moisture content were not given. Burrough and Graham,5 in 1953, 

determined power inputs to the various components of an automatic twine- 

tying baler over a rather wide range of conditions but with maximum feed 

rates of only about 5 Mg/h [5'/2 tons/h]. Figure 15.6 shows the relation be¬ 

tween average plunger power requirements and feed rate for four crop condi¬ 

tions, as well as the total power required by all other baler components. 

These curves indicate that total power requirements increase less rapidly 

than the feed rate. Tor alfalfa at 23% moisture, the total energy require¬ 

ments were 1.9 kW-h/Mg [2.3 hp-h/ton] at 2.3 Mg/h [2‘/2 tons/h] and 1.2 

kW*h/Mg [1.5 hp-h/ton] at 4.5 Mg/h [5 tons/h]. 

Feed rate,kq/min (Ib/min) 

Fig. 15.6. Relation of average power requirements to baling rate. (Data from J. A. Graham. 
Unpublished thesis. Purdue University, 1953.) 

*Feed rate is defined as the rate at which material enters the baler during the actual operating 

time (i.e., at 100% field efficiency). 
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Comparison of curves A and B indicates that with the rather dry wheat 

straw the plunger power requirements were about doubled when the bale 

density was increased by only 25%, from 135 to 168 kg/m3 [8.4 to 10.5 

lb/ft3]. Curve D shows the plunger power requirements for alfalfa at 23% 

moisture content, which is about the upper moisture limit for safe storage of 

this crop. At this moisture content, the effect of bale density upon power 

requirements was much less than with the dry straw. 

In another series of tests, using alfalfa and adjusting the density to main¬ 

tain a constant amount of dry matter per bale, the plunger power 

requirements increased as the moisture content was reduced. The effect was 

most pronounced at low moisture contents, with very little change above 20 

to 25% moisture. 
Figure 15.7 shows the relation of plunger-face or press-plate force to 

plunger displacement for two feed rates, as determined by Burrough and 
Graham.5 These curves are actually work diagrams for compressing the hay 

and moving the bales through the chamber, the area under each curve 

representing the total work involved. The two curves are similar except that 

compression starts later with the smaller hay charge and the peak force is 

lower. Peak forces as high as 76 kN [17,000 lbf] were encountered when 

baling wheat straw at 5% moisture. The small peaks in the vicinity of 300 to 

400 mm displacement (Fig. 15.7) are due to shearing of the hay charge by 
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forces are not included. (D.E. Burrough and J.A. Graham.5) 
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the knife on the plunger. Their magnitude and location will vary for different 

baler models, usually occurring later than on the particular baler tested. 

Otherwise, these work diagrams can be applied to other balers by making 

proper allowances for bale-chamber size and crank speed.5 

From the work diagram, plus plunger friction and inertia forces, one can 

determine the relation of crank torque to crank angle. Consideration of 

crank speed then yields plunger power as plotted in Fig. 15.6. Burrough and 

Graham found in their tests that the peak plunger power requirements 

during the compression part of the stroke were about 8 to 12 times the 

average plunger power when baling wheat straw at 5% moisture (curves A 

and B), and 7 to 9 times the average for alfalfa at 23% moisture (curve D). 

These peak requirements are supplied primarily from kinetic energy made 

available by slow-down of the baler flywheel. 

The two curves in Fig. 15.7 indicate a moderate increase in peak plunger 

force when the feed rate was doubled. Nation18 observed a similar effect 

when the feed rate was increased with a clover-ryegrass mixture. 

15.12. Overload Protection. Protection is needed for the plunger and drive 

system because of the possibility of occasional extreme overloads from 

picking up foreign objects or slugs of hay, variations in hay moisture con¬ 

tent, careless operation, or other factors. A common arrangement is a shear 

bolt in the drive between the flywheel and the plunger. 

An automatic plunger latch is desirable to stop the plunger on its 

compression stroke if some malfunction has caused the needles to fail to 

withdraw from the chamber. The needle drive moves the spring-loaded latch 

into the potential latching position each time the needles enter the chamber 

and retracts the latch as the needles leave the chamber. The plunger stops if 

it strikes the latch, causing the flywheel shear bolt to fail. 

A PTO-driven baler needs a friction slip clutch between the PTO shaft 

and the flywheel to limit the magnitude of peak torques caused by the 

plunger on each compression stroke (Fig. 3.18). Momentary slipping of the 

clutch allows the baler flywheel to slow down, thereby providing kinetic 

energy to meet the peak demand. An overrunning (free-wheeling) clutch is 

also needed in a PTO drive so the baler flywheel will not tend to propel the 

tractor if the engine speed is suddenly reduced without disengaging the PTO 

clutch. 

The pickup-cylinder drive is usually protected by a slip clutch. Various 

types of load-limiting arrangements are employed on feed mechanisms. Ad¬ 

ditional protective devices sometimes employed include a shear pin in the 

drive to the tying mechanism and a device that releases if the needles strike 

an obstruction. 

HANDLING CONVENTIONAL BALES 

A wide range of equipment combinations is available for handling bales 

from the Field into storage. Some systems offer complete mechanization 
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with high capacities but large investments in equipment. Other systems em¬ 

ploy relatively inexpensive equipment, making them more suitable for small 

areas, but require hand labor in varying amounts. The type of storage also 

influences the choice of system. Lack of standardization of bale sizes com¬ 

plicates mechanized bale handling. The most common systems are discussed 

in the following sections. 
15.13. Bale Loaders and Bale Chutes. An early approach to the problem 

of reducing the hard work of handling bales by hand was the development, in 

the 1940s, of bale loaders for attachment to trucks or flat-rack wagons. Such 

a loader has its own support wheels and a gasoline engine or ground-wheel 

drive to operate the elevating conveyor. The loader is temporarily attached 

along one side of the truck or wagon through links that propel the loader and 

maintain its orientation with respect to the truck or wagon (a semimounted 

arrangement). Bales are picked up and elevated to an adjustable height as 

the vehicle moves along in the field. One or two men on the wagon stack the 

hay by hand, usually a layer at a time (increasing the delivery height as the 

load is built up). A similar elevator can be used for stacking at the storage 

site. The bale loader is relatively inexpensive, but a considerable amount of 

hand labor is still required. 
Another system that has been used for many years involves a flat-rack 

wagon trailed behind the baler and a bale-chute extension so the baler can 

push the bales onto the wagon. As with a bale loader, the bales must be 

stacked on the wagon by hand and unloaded onto an elevator by hand at the 

storage site. Field studies have shown that trailing a wagon reduces the field 

efficiency of the baling operation. 

15.14. Bale Throwers. Bale-throwing attachments for balers became com¬ 

mercially available in 195 7.25 They are fairly popular in the eastern states, 

especially for relatively small areas where bales are stored in the hay mow 

and fed on the same farm.14 

A bale thrower tosses each bale from the baler into a trailing wagon that 

has high sides and sometimes has a bottom conveyor for mechanical un¬ 

loading. The throwing distance is adjustable from the tractor driver’s posi¬ 

tion to facilitate random filling of the wagon without hand labor. At the 

farmstead the bales are unloaded onto a conventional or vertical elevator 

and dropped into the mow in a random distribution or are hand stacked. The 

random stacking is adaptable to artificial drying but requires more storage 

volume than tight stacking. One man is needed at the wagon to position 

bales on the horizontal section of the elevator. Most bale throwers are 

designed for 36 X 46-cm [14 X 18-in.] balers. Bales are often made shorter 

than for conventional handling, with lengths of 61 to 81 cm [24 to 32 in.] and 

masses of 18 to 27 kg [40 to 60 lb]. 

One common type of bale thrower has 2 upward-inclined flat conveyor 

belts that operate continuously at maximum speeds of 10 to 13 m/s [2000 to 
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2500 ft/min] and contact the top and bottom surfaces of the bale being 
thrown. Another similar arrangement has 3 fluted rubber rolls below the 

bale and 3 on top of it. Power is usually obtained from the baler flywheel or 

some other convenient drive component. Throwing distance is controlled by 

a variable-speed V-belt drive. A separate engine may be employed. 

Some bale throwers have intermittently operating throwing arms, pans, or 

toothed conveyors that are actuated when the bale contacts a trip lever. 

Power may be obtained from the plunger or crank on the plunger return 

stroke or from a rotary shaft in the baler drive system. One model22 has a 

throwing pan that is automatically actuated by a hydraulic cylinder in an 

open-center system. The hydraulic pump is driven from the baler flywheel 

and the throwing distance is controllable from the tractor operator’s posi¬ 

tion by adjusting the relief pressure. 

Bale throwers are attached to the baler through a pivot axis so the 

horizontal direction can be controlled on turns. In some cases the direction is 

controlled automatically by connecting a guide lever to the wagon tongue. In 

other models the operator controls the direction from the tractor seat, either 

hydraulically or electrically. 

15.15. Automatic Bale Wagons. Automatic bale wagons were developed 

in the late 1950s and are now widely used in the large hay-producing areas of 

the western and midwestern states. Their high first cost makes them 

economically impractical for small areas. Pull-type models having load 

capacities of 2.3 to 3.2 Mg [2Vi to Vh tons] cost only one-half to one-fourth 

as much as self-propelled models with capacities of 3.2 to 4.5 Mg [3'/2 to 5 

tons]. These machines pick up individual bales in the field, automatically 

stack them on the wagon, and unload them mechanically, thus eliminating 

all hand labor. Some models can deposit the load only as a stacked unit, but 

others can also unload a bale at a time. Single-bale unloading is convenient 

for bunk feeding and for storage in a mow. 

Where field conditions permit, self-propelled models can pick up bales at 

speeds as great as 16 to 24 km/h [10 to 15 mph], handling as much as 14 to 

18 Mg [15 to 20 tons] of 3-wire bales per hour when stacking at the edge of 

the field. 

Figure 15.8 shows three stages in the loading cycle for one type of 

automatic bale wagon. A pull-type model is shown, but self-propelled 

models of the same type are available. When the pickup deposits the second 

bale on the front table, a trip lever is actuated that causes the table to tip up 

(center view) and place the bales on the second table. Succeeding pairs push 

the first bales rearward on the second table. When the second table is fully 

loaded, it is automatically tipped up (right-hand view) to place a row of bales 

on the load rack. The two upright forks shown at the front of the load rack 

are pushed rearward as rows of bales are added. Hydraulic power on pull- 

type units is obtained from a pump driven by the tractor PTO. 
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Fig. 15.8. Three stages in the loading cycle for one type of automatic bale wagon. (Courtesy of 

Sperry New Holland.) 

Unloading as a stack unit is accomplished by upending the loaded rack 

and driving forward to pull the rear forks out from under the load resting on 

the ground. Self-propelled units have hydraulic push-off devices to assist in 

withdrawing the forks without disturbing the stack. Single-bale unloading is 

accomplished with an arrangement that permits moving the bales forward 

on the load rack and discharging them, one tier at a time, onto the slightly 

tilted second table. The second table has a cross conveyor that removes end- 

to-end bales, a pair at a time. Stack retrieval is possible with some pull-type 

models. Independent, truck-mounted stack retrievers are available. These 

squeeze the bottom of the stack and have prongs that penetrate and clamp 
down on the top layers. 

An automatic bale wagon employing a different stacking and unloading 

method was first used commercially in 1970. The self-propelled machine 

stacks the bales flat, from the bed up, a layer at a time. A stacking cage 

orients the bales on each layer and is lifted automatically as the layer is com¬ 

pleted. An inclined elevator delivers bales from the pickup to the stacking 

cage. Any layer or layers selected by the operator can have the bales 

arranged in a different pattern to provide cross tying. Three-wire bales form 

a “package” approximately 2.4 m by 2.4 m [8 ft by 8 ft] by 7 bales high. 
The completed load is moved to the rear of the stacking frame with a 

squeeze-type fork lift arrangement that is part of the machine. The load can 

be placed directly on a commercial transport truck or can be stacked on the 

ground, up to two loads high. Stack retrieval and truck unloading are also 

possible. This type of machine is more versatile than self-propelled models 

of the type shown in Fig. 15.8, but the new cost is substantially greater. 

15.16. Automatic Bale Accumulators. A system was developed in the 

early 1960s that permits mechanical handling of bales in single-layer groups 
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of eight. The basic components of this system are an automatic bale ac¬ 

cumulator attached to the rear of the baler, a tractor-mounted grapple-fork 

arrangement to pick up the eight-bale groups, and a flat-bed wagon sized to 

accommodate the bale groups.13 
The automatic bale accumulator is a low trailer supported by two caster 

wheels and attached behind the baler in a semimounted manner so it steers 

directly with the baler. As bales come onto the bed from the bale chute, a 

hydraulically powered push-over bar automatically moves pairs of end-to- 

end bales toward one side until eight bales are accumulated. A push-off bar 

on 2 conveyor chains then eases the group of bales off of the rear end of the 

trailer, which is perhaps 300 mm [12 in.] above the ground. The conveyor 

speed should be synchronized with the forward speed to keep the bale group 

tight. Hydraulic power for the push-over bar and the unloading conveyor is 

obtained from a separate pump powered by the baler or the tractor PTO. 

The bale fork mounts on a general-purpose front-end tractor loader, 

preferably a high-lift type. To pick up a load, the frame of the bale fork is 

placed on top of the bales and two grapple hooks are forced into each bale 

hydraulically by rotating them about transverse axes just above the bales. A 

push plate across the rear permits initial tightening of the group by forward 

motion of the tractor and provides proper orientation between the bales and 

the fork. The bale fork may be used to load wagons, unload, stack, or 

remove from a stack. Bales can be stacked directly in storage structures if 

there is adequate maneuvering room for the tractor. 

LARGE-BALE SYSTEMS 

15.17. Forming and Handling Large Round Bales. Balers that make large 

round bales first became commercially available in 1971 and early 1972, 

when two manufacturers placed machines on the market.11 By 1975, 8 

manufacturers had 11 models available.15,16 Over 40% of all balers produced 

in the United States during 1975 were large-round-bale machines.1 Typical 

bale sizes are shown in Table 15.1. 
Some roll balers form the bale by rolling up the windrow on the ground, 

much like rolling up a carpet. Either a chain-and-slat (raddle) conveyor with 

spring tines on the cross bars, or a series of side-by-side flat belts with tines 

attached to them, moves upward in contact with the rear of the bale being 

formed. Stationary, curved grid bars on the upper, forward-moving portion 

of the conveyor confine the bale as it approaches its maximum diameter, 

thereby controlling the density to some extent. When the bale reaches the 

desired size it is discharged by raising the rear gate (the portion of the con¬ 

veyor that is behind the bale) and then driving forward. 
Most roll balers lift the windrow into the machine to form the bale, rather 

than rolling it up on the ground. A typical arrangement is shown 
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Table 15.1. SOME TYPICAL SIZES AND MASSES OF LARGE ROUND BALES 

Length Max. Diameter Max. Mass Calc. Density 

Metres Feet Metres > Feet kg lb kg/m3 lb/ft3 

From balers that lift the windrow into the machine 
1.83 6 2.13 7 1360 3000 208 13.0 
1.68 51/2 1.68 5'/2 680 1500 184 11.5 
1.52 5 1.83 6 680 1500 170 10.6 
1.22 4 1.52 5 450 1000 203 12.7 
1.22 4 1.52 5 385 850 173 11.3 

From balers that roll up the bale on the ground 
2.13 7 1.83 6 540 1200 98 6.1 
1.52 5 1.52 5 450 1000 163 8.1 

Dimensions and masses are based on manufacturers’ published information. Not all inter¬ 
mediate sizes are included in the table. 

schematically in Fig. 15.9. Windrow pickup cylinders are similar to those on 

conventional balers, but smaller in diameter. The floor conveyor may be a 

series of side-by-side lugged chains, a flat belt the full width of the bale¬ 

forming chamber, or a series of closely spaced, powered transverse rollers. 

The bale-forming apron is either a raddle conveyor or a series of flat belts 
usually 100 to 150 mm [4 to 6 in.] wide with 50 to 100 mm [2 to 4 in.] spaces 
between them. 

The idlers on the spring-loaded arm compensate for the increased length 
of apron required to reach around the bale as the diameter increases. Con¬ 

veyor tension from the idler springs controls bale density, at least during the 

intermediate forming stages. The core density is low in the early stages but 

usually increases as the bale forming progresses. When a bale has reached 

the desired diameter (usually indicated by a marker on a graduated scale), 

the operator stops the forward motion and engages the twine-wrapping 

mechanism while the bale continues to rotate. The spacing of adjacent wraps 

ig. 15.9. Schematic arrangement of an off-the-ground roll baler. Left: Bale partially formed. 

Center Completed bale, ready to be wrapped with twine. Note how the spring-loaded idler arm 

has rotated between the left and center views to provide additional length of apron to wrap 

around the bale. Right: Operator has opened the tail gate hydraulically, permitting the floor 

conveyor to discharge the bale. (Courtesy of Sperry New Holland) 
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across the bale length (usually 150 to 200 mm [6 to 8 in.]) is controlled either 
manually or by a powered traversing guide. The twine ends are not tied or 
fastened to the bale. The wrapped bale is ejected by raising the tail gate (Fig. 
15.9 right). Twine requirements are only one-fourth to one-half as great as 

for conventional bales. 
The greatest use of roll balers is in areas where the hay is produced and fed 

on the same farm or on nearby farms. The bales are usually moved twice 
First to a storage area (which may be in or at the edge of the hay field) and 
then to the feeding area.3 Because the hauling distance is usually short, 
single-bale transport units are widely used. These may be fork-type attach¬ 
ments for tractor 3-point hitches, 2-wheel trailers with hydraulic lift forks, 
front-mounted loaders with forks or grapple hooks, or other similar 
arrangements.15 Transport devices that load and haul 3 to 5 bales are also 
commercially available. The bales are usually stored on the ground, one 
layer deep, with sufficient space between bales to permit water to drain off of 
them. The rounded shape provides good weather resistance. 

Safety in handling large round bales should be a concern of designers, 
local fabricators, and operators. Improper design or improper use of front- 
end loaders can result in serious injury or death if the elevated bale rolls 
down the loader booms onto the tractor and operator or if carrying the bale 
too high causes a tractor roll-over. Good judgement is important when 
ejecting bales onto a sloping field. A 700-kg bale rolling downhill has con¬ 
siderable destructive potential as well as being dangerous. 

Long-distance hauling is expensive and generally impractical because the 
round bales do not stack well on trucks and maximum payloads are low. 
Bales 1.22 m [4 ft] long Fit a highway truck better than the other sfees 
because they can be stacked 2 bales wide (end-to-end) within the legal width 
limit. Maximum densities of round bales formed by machines that lift the 
windrow (Table 15.1) are generally comparable with, or slightly less than, 
densities of conventional wire-tied bales, but the spaces between stacked 
round bales reduce the payload attainable within a given overall volume on a 

truck. 
The round-bale system is fully mechanized and can be a one-man opera¬ 

tion, but a mechanical device must be used any time a bale is moved. This 
system is economically feasible for a much lower annual production than is 
the use of conventional balers plus automatic bale wagons. In a 1971-73 
study involving about 45 Oklahoma farms, Bowers and Rider3 found that 
the round-bale system was more economical than conventional baling plus 
hand hauling when the annual production was greater than about 70 Mg [75 
tons]. For high annual productions, however, conventional balers plus 
automatic bale wagons were more economical than the round-bale system. 
The break-even annual production was about 225 Mg [250 tons] when using 

a small PTO-driven automatic bale wagon. 
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In the Oklahoma study, seasonal average baling rates were 5.8 Mg/h [6.4 

tons/h] for medium-duty conventional 2-wire balers, 7.3 Mg/h [8.0 tons/h] 

for heavy-duty 2-wire balers, and 6.8 Mg/h [7.5 tons/h] for roll balers. With 
roll balers, as much as 20 to 30% of the total down-the-windrow time per 

bale may be lost while stopped to wrap and eject the bale. 

15.18. Large Rectangular Bales. A large-bale machine that produces 
bales 2.4 m [8 ft] long and having a 1.5 X 1.5-m [5 X 5-ft] square cross sec¬ 

tion was developed in England and first produced commercially in 1973. 

Packer fingers above a windrow pickup cylinder push the hay through a 

tapered feeding chute into the bale chamber. The hay is compacted by the 

front wall of the chamber moving about 13 mm [5 in.] into the chamber in a 

reciprocating motion. There is no plunger, as such, and no cutoff knife. A 

gate on the chamber outlet remains closed while the bale is being formed. 

When the bale reaches the desired density (indicated by a gage), the 

operator stops the forward motion and trips the knotters. Three ties are 

made around the bale, using special polypropylene (plastic) twine that has a 

strength of 2.7 kN [600 lbf]. The rear gate opens automatically when the ty¬ 

ing cycle is completed. The tied bale is subsequently pushed out by the next 

bale being formed, after which the gate closes. Maximum bale density is 
about 100 kg/m3 [7 lb/ft3]. 

A United States manufacturer developed a large rectangular baler that 

was first available commercially in 1978. This machine produces bales that 

are 2.4 m [8 ft] long and have a 1.3 X 1,2-m [4.25 X 4-ft] cross section. It has 

a reciprocating plunger at the inlet end of the bale chamber, similar to the 

arrangement in a conventional baler. The plunger operates at about 25 cy¬ 

cles per minute (much slower than in a conventional baler). A charge cham¬ 

ber is located between the windrow pickup unit and the entry to the bale 

chamber. When sufficient hay has accumulated in the charge chamber, a 

sensor automatically actuates fingers that push the hay charge up into the 
bale chamber while the plunger is on its retracted stroke. 

Six individual wraps of plastic twine are made around each bale, in much 

the same manner as with conventional balers except that a double-knotter 

system is employed (2 balls of twine and 2 ties per wrap). Bale length is ad¬ 
justable and is gaged in the same manner as on conventional balers. Density 

is controlled by utilizing hydraulic cylinders to squeeze together all four 

sides of the bale chamber at the discharge end. The cylinder pressure is con¬ 

trolled by a hydraulic sensor on the plunger, thereby minimizing variations 
in bale density. 

One of the objectives in developing this unit was to be able to produce rec¬ 

tangular bales of a size and density suitable for commercial hauling on 

highway trucks. Densities up to about 240 kg/m3 [15 lb/ft3] were obtained 

with alfalfa during 1977 tests. This manufacturer’s large-bale system in¬ 

cludes a special machine to break up the bales for feeding, as well as other 
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special handling equipment. A 2-wheel bale-accumulator trailer that will 

carry 3 bales may be pulled behind the baler, allowing the operator to drop 

all bales at the ends of the field. 

Large rectangular bales can be handled with squeeze-type lifts mounted 

on tractors or special carriers, or with special attachments on front-end 

loaders, and they stack well. 

CUBING OR WAFERING 

15.19. Development. During the 1950s a great deal of interest developed 

in the possibility of producing small, high-density agglomerates or 

“packages” of hay which would retain the roughage characteristics of long 

hay but would have the free-flow characteristics required for bulk handling. 
A considerable amount of laboratory research was done by state agricultural 

experiment stations, and a number of manufacturers undertook develop¬ 

ment programs. Out of all this emerged 2 present-day commercial models of 

field cubers and 2 stationary counterparts. 
Researchers and early experimental field models usually produced shapes 

several centimetres wide (often circular) with low length/width ratios that 

could be appropriately described as wafers. Current models, however, 

produce shapes more nearly cubical and are commonly known as cubers. 

The term “pellet,” which was used by early researchers, is now officially 

described in ASAE Standard S269 as applying to an agglomeration of 

ground ingredients (individual or mixed) commonly used in animal feeds. 

Wafers and cubes are made from whole or chopped hay. Pellets generally 

have diameters not over 19 mm [% in.] and lengths less than 25 mm [1 in.]. 
The first commercial production of alfalfa cubes was in central California 

in 1960, with one pull-type machine producing about 900 Mg [1000 tons]. 

The California cube production in 1969 was 398 Gg [439,000 tons], 

representing 7% of the state’s hay crop.8 Lesser amounts were produced in 

other states, primarily Arizona, New Mexico, and Washington. The prin¬ 

cipal application of field cubing is for alfalfa hay that is sold and transported 

a considerable distance from the producer to the consumer. 
Since 1969 there has been some interest in stationary cubing installations 

because of their greater versatility, better-controlled operating conditions, 

and higher outputs in comparison with field cubing.8’19 Feed additives can be 

incorporated to produce complete rations. Artificially dried hay can be 

cubed in areas where natural drying is unsatisfactory. Field-chopped hay 

may need to be hauled from considerable distances to utilize the full capacity 

of a stationary cuber. The maximum haul for an economic operation is 

considered to be about 25 km [15 miles]. 
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15.20. Types of Equipment. Cubes or wafers may be formed by compress¬ 

ing the hay in closed chambers or by extruding the hay through open-end 

dies. Most laboratory work has been done with closed dies, using a piston to 

compress a charge of hay in a cylinder. Diameters ranged from 38 to 200 

mm [1 Vi to 8 in.]. Test results reported in 1955 to 19612’4’7 indicated that ac¬ 

ceptable wafers or cubes could be formed at pressures of 24 to 34 MPa [3500 
to 5000 psi]. 

Compression devices employed on early experimental field machines in¬ 

cluded (a) a reciprocating ram, (b) a tapered screw, (c) a roller-and-die ex¬ 

trusion unit, and (d) meshing rollers or gears with pockets or depressions in 

which wafers were formed. Type “d” operated on the closed-die principle 
and the other three were extrusion machines. 

A more recent experimental machine6 has a group of rubber rolls that are 

held together under pressure and roll the incoming hay into a tight core. The 

core exits from one end of the roll group and is then cut into short sections to 

form wafers. This is a continuous-feed process that utilizes both adhesive 

and cohesive binding characteristics of unchopped legumes and grasses and 

is said to work satisfactorily at high moisture contents (requiring subsequent 

artificial drying) with lower power requirements than for extrusion 
machines.17 

The two models of field cubers commercially available in 1977 both utilize 

the roller-and-die extrusion principle. In this arrangement, a compression 

roller forces chopped hay through open-end dies arranged in a ring as shown 

in Fig. 15.10. One model employs two diametrically opposed rollers of 

smaller diameter than shown in Fig. 15.10. A large-diameter auger, concen¬ 

tric with the axis of the die ring and main shaft, feeds the material into the 

cubing chamber. As the main shaft turns the compression-roller support, the 

Fig. 15.10. Roller and ring-die arrangement for forming hay cubes by the extrusion process. 
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roller rotates because of contact with the hay and the die ring. An adjustable, 

cone-shaped deflector around the outer periphery of the die ring bends the 

extruded columns and causes them to break into pieces 25 to 100 mm [1 to 4 

in.] long. 
Both machines produce cubes having a 32 X 32-mm [1 lA X 1 '/4-in.] square 

cross section and bulk densities of 400 to 480 kg/m3 [25 to 30 lb/ft3]. This 

size is a compromise that is small enough to allow optimum 

feeding and have acceptable materials-handling characteristics and yet is 

large enough to be produced at a reasonable rate and reasonable cost. The 

square die shape is more practical than a round shape for a multiple-die 

arrangement, permitting a minimum of blocked space in the inlet face of the 

die assembly and being easier to machine. Dies are hardened and chrome 

plated to minimize wear. 

The hay is chopped to improve feeding into the cubing chamber and 

because the cubes are more uniform than if made from long hay. One of the 

two commercial models picks up hay from the windrow with a small- 

diameter, cam-controlled pickup cylinder and subsequently chops it with a 

cylinder-type cutterhead set for a 35-mm [l3/8-in.] theoretical length of cut. 

Because the hay is quite dry when picked up, a variable-speed drive is needed 

on the pickup cylinder so that the speed can be adjusted for effective pickup 

with minimum leaf shatter. The other machine utilizes a flail-type unit to 

pick up the windrow and shred it. 
15.21. Operating Conditions. Field cubing with current machines is con¬ 

fined primarily to alfalfa which, for best results, should not contain more 

than 10% grasses or other foreign materials.9 Alfalfa plants have natural, 

soluble adhesives on the surface that are activated when the plants are 

moistened. The moisture content in the windrow should be not more than 10 

to 12%. Water is sprayed onto the hay as it is picked up by the machine, 
bringing the final moisture content up to 14 to 16%.9 For safe storage, the 

cubes must be dried by natural or forced ventilation (if necessary) to a 

moisture content of 14% or less.9 
Good natural curing conditions are essential for cubing. The cubing 

operation normally begins in mid-morning and continues into the evening 

until increasing relative humidity causes the hay to toughen. Windrows 

should be wide and flat to promote uniform curing and to facilitate distribu¬ 

tion of the water sprayed onto the hay. Self-propelled windrowers with con¬ 

ditioner attachments are generally employed. 
Although capacities up to 5.4 Mg/h [6 tons/h] can be achieved with 

current field cubers, field studies have indicated that overall seasonal 

averages of 3.6 to 4 Mg/h [4 to 4Vi tons/h] are more typical.8-19 

15.22. Energy and Power Requirements. In laboratory tests with closed- 

end dies (piston and cylinder), satisfactory wafers or cubes could be formed 

with an energy input of 2.5 to 4 kW-h/Mg [3 to 5 hp-h/ton].2-7 Cubing- 
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energy requirements for a commercial machine having extrusion dies of the 

type shown in Fig. 15.10 were found to be about 12 kW-h/Mg [15 hp- 

h/ton].12 The extrusion process has high energy requirements because it de¬ 

pends upon frictional resistance between the hay and the die to develop the 

required pressure. 

Engines capable of developing at least 150 kW [200 hp] are employed on 

commercial cubers. Actual total power requirements for a self-propelled 

model were found to be about 135 kW [180 hp] at a feed rate of 7.3 Mg/h 

[8 tons/h] and 79 kW [106 hp] at 3.6 Mg/h [4 tons/h].12 These inputs repre¬ 

sent about 20 kW-h/Mg [25 hp-h/ton] as compared with 0.8 to 1.2 PTO 

kW-h/Mg [1 to 1.5 hp-h/ton] for conventional baling. The value for 

the cuber includes propulsion power, whereas the baling value does not. At 

7.3 Mg/h [8 tons/h], approximately two-thirds of the total cuber power was 

used for the actual cubing operation.12 

15.23. Factors Affecting Quality of Cubes or Wafers. Two important 

parameters of quality are durability in handling, and density of the final 

product. Among the factors that may affect cube or wafer quality are kind 

and quality of forage, moisture content, pressure, holding time under 

pressure, cross-sectional area of cube chamber, and die design. The ratio of 

die length to cross-sectional area is an important design factor for extrusion 
dies, and die wear also affects cube quality. 

Although cubing works best with alfalfa having only small amounts of 

grass or weeds, other materials have been cubed by adding suitable binders. 

Young alfalfa can be cubed satisfactorily with less pressure than mature 
alfalfa.20 

In laboratory tests with alfalfa at 12% moisture, density obtained with a 

piston and cylinder was found to vary linearly with the logarithm of the 

pressure.7 At a given pressure, density decreased as the diameter of the com¬ 

pression chamber was increased from 38 mm to 86 mm [1.5 in. to 3.4 in.]. 

Cubes or wafers tend to expand somewhat after the pressure has been 

released. Laboratory tests have shown that higher pressures are required for 

short hold times than for longer times (e.g., V2 s versus 10 s).20 Tests have 

also shown that twice as much pressure is required to produce satisfactory 

wafers (89 mm [3!/2 in.] diameter) at 20% moisture as at 10% moisture.20 

Experience has indicated that when a cuber begins operation, capacity and 

cube quality improve as the dies become heated from friction of the hay be¬ 

ing compressed. Dies should be designed with a ratio of length to cross sec¬ 

tion that will provide a die temperature of 65 to 95°C [150 to 200°F] during 
normal operation. 

15.24. Handling Cubes. Cubes are usually collected in a special, high- 

dump wagon trailed behind the cuber. These wagons are dumped into a 
transfer truck by hydraulically lifting and rotating the large bin (3.6-Mg [4- 
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ton] capacity) about the upper edge of one side so that the material flows by 

gravity into the truck. Because the cubes are hot (50 to 60°C [120 to 140° F]) 

as they emerge from the dies, it is common practice to dump them from 

the transfer truck in shallow piles on a concrete slab for cooling and tem¬ 

porary storage.9 A large-capacity power scoop is then used to transfer the 

cubes from the slab into a transport truck or onto a conveyor. 

Commercial transport trucks are of the bottom-unloading type and meter 

the cubes out, by gravity, onto a conveyor at the consumer’s storage facility. 

Various combinations of mechanical elevators and conveyors are used to fill 

storage structures and for subsequent mechanized feeding. 

Each time there is a transfer, there is some damage to the cubes, creating 

some fine material. The amount of damage is related to the cube quality and 
the method of handling. These fines adversely affect handling and storage 

characteristics and can reduce feeding efficiency. Up to 10% fines, by mass, 

is usually acceptable.9 
15.25. Economic Comparison with Baling. Because of the large invest¬ 

ment represented by a field cuber and associated equipment, high annual use 

is imperative to make cubing economically feasible. Growers who own 

cubers should have enough hay area to keep the machines operating a high 

percentage of the available cubing time during the hay season. Custom 

operation is an alternative for smaller areas. 
The total cost of field cubing, from the standing crop to temporary 

storage on the farm, was compared with the cost of harvesting baled hay 

with a three-wire baler and stacking it at the roadside with a self-propelled 

bale wagon, based on 1970 field data obtained in Central California.19 The 

average cubing rate was about 3.6 Mg/h [4 tons/h]. For an annual output of 

3.6 Gg [4000 tons], costs were about $4.70/Mg [$4.25/ton] more for 

the cubing system than for the baling system. The difference was about $5.25 

[$4.75] for 2.7 Gg [3000 tons] per year. At the time of these studies, con¬ 

sumers were willing to pay a premium of about $5.50/Mg [$5.00/ton] for 

cubes in preference to bales, the difference slightly more than offsetting the 

additional cost of cubing. 
Feeding trials and general experience with dairy cattle, beef, and sheep 

have shown greater feed consumption and increased production with cubes 

as compared with baled hay. The amount of feed wasted by the animals is 

also considerably less than with baled hay. These savings, plus reduced costs 

per megagram for commercial hauling and reduced feeding labor, have 

justified the price differential paid for cubes. 
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PROBLEMS 

15.1. A 36 X 46-cm automatic-tying field baler averages 7.3 Mg/h at a field efficiency of 

72%. The plunger makes 70 compression strokes per minute. Calculate the maximum amount 

of variation in bale lengths that is likely to occur. Assume a bale density of 175 kg/m'. 

15.2. A baler averages 8 Mg/h at a field efficiency of 70%. The plunger makes 75 compres¬ 

sion strokes per minute, and the average bale mass is 30 kg. The yield is 2.8 Mg/ha. 

(a) Calculate the actual number of compression strokes required per bale. 

(b) Recommend the number of 2-m rake swaths that should be put into one windrow, and the 

corresponding forward speed required. 

15.3. The average power supplied to the crank arm of a baler is 6.7 k W. During the compres¬ 

sion portion of the stroke, the amount of energy required above the average is 4.2 kJ. This 

energy must be supplied by the flywheel, whose mass moment of inertia is 17.8 N-m-s2. A 109- 

tooth gear on the crankshaft is driven by a 17-tooth gear on the flywheel shaft. 

(a) Assuming that the crank speed is 75 r/min at the start of compression, calculate the crank 

r/min at the end of compression and the percentage decrease in r/min during compression. 

(b) If the slow-down occurs during 55° of crank rotation, what is the average power 

(kilowatts) released by the flywheel during this period? 

15.4. Referring to Fig. 15.7, develop a logical explanation for the following: 

(a) Why the peak force is greater for 64 kg/min than for 31 kg/min. 

(b) Why the high-rate peak force occurs earlier than the low-rate peak force. 

15.5. A cuber of the type shown in Fig. 15.9 has 66 dies, each 32 X 32 X 150 mm. 

(a) Calculate the time required for a given particle of hay to pass through the die (i.e., the 

cube “hold” time) when the feed rate is 5.5 Mg/h. Assume an individual-cube density of 800 

kg/m3. 

(b) If the cube length averages 55 mm, how much energy per cube (in joules) is required for 

the actual cubing operation? 



16 

Forage Chopping and Handling 

16.1. Introduction. With a field chopper and its complementary equip¬ 

ment, the hay-making or silage-making operation can be completely 

mechanized. The chopped material is blown directly into trailers that are 

towed behind the chopper or pulled beside it with a separate power source, 

or sometimes into trucks driven behind or beside the chopper. Chopped 

forage can readily be unloaded at a controlled rate by mechanical means. 

Elevating the chopped material into storage is generally done with an 

impeller-blower. Chopped forage is not free-flowing like hay cubes but is, 

nevertheless, readily adaptable to mechanized feeding. Equipment invest¬ 

ment costs are high but less labor is required for the field chopping method 
than for baling. 

Field choppers are employed in several major methods of harvesting 
forages, including the following: 

1. Harvesting corn for silage (including delayed harvesting for low- 
moisture silage). 

2. Direct cutting of hay for green feeding as an alternate to pasturing (or 
in making dehydrated alfalfa meal or pellets). 

3. Direct cutting of hay for grass/legume silage (70 to 80% moisture). 

4. Chopping from the windrow for wilted grass/legume silage (usually 65 
to 70% moisture). 

5. Chopping from the windrow for low-moisture grass/legume silage, 
sometimes known as haylage (40 to 60% moisture). 

6. Dry chopping from the windrow for storage as hay (artificial drying 
needed if chopped at much above 20% moisture). 

The versatility of a field chopper often permits its use for several different 

products, thereby increasing the annual use and decreasing the cost per 

megagram. The chief objective in chopping material to be stored as cured 

hay is to reduce the material to lengths that can be handled by an impeller- 

blower and moved in a pipe along with an air stream. With silage, additional 

important functions of chopping are to facilitate packing for exclusion of air 
and to make feeding easier. 

The practice of making low-moisture grass/legume silage, in preference 

to direct-cut or wilted silage, is a recent development that is becoming in¬ 

creasingly popular.12 Either wilted or low-moisture grass/legume silage in¬ 

volves the extra operations of mowing and windrowing (or a combined 

368 
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operation), but direct-cut grass/legume silage has large nutrient losses from 

silo seepage, may create an odor problem, and requires a preservative.24 

Low-moisture silage has low nutrient losses, and timing of the chopping 

operation is not critical. Less quantity of moisture must be handled than 

with wilted or direct-cut silage. The risk of weather damage is greater than 

for wilted silage but less than for field-cured hay. 

Requirements for chopping and storing low-moisture grass/legume silage 

are more stringent than for other silages. The material must be chopped 

finer to obtain adequate packing. Auxiliary recutter screens have been 

developed for cylinder-type choppers to obtain finer and more uniform 

chopping. Airtight storage structures are desirable and uniform distribution 

is important.24 Gum buildup in field choppers, forage blowers, and silo un¬ 

loaders is a problem with low-moisture silage.12 The amount of buildup is 

greater from alfalfa and other legumes than from grasses. Maximum 

buildup occurs with alfalfa moisture contents between 40 and 55%. There is 

very little buildup above 70% or below 30% moisture. A water stream is 

sometimes used on a forage blower while handling low-moisture silage but 

this solution is impractical for the chopper in the field. 

16.2. Flail-Type Field Choppers.* Prior to about 1950, all field forage 

choppers were of the precision-cut, shear-bar type, employing either 

flywheel or cylinder cutterheads. Since that time, flail shredders have been 

adapted for field chopping. These are simpler, less expensive machines than 

the conventional shear-bar type, and can be used for a variety of other 

shredding jobs. But they are not well-suited to harvesting tall crops such as 

corn,14 do not chop fine enough for good silage, and require more energy per 

megagram for a given average chopped length than do shear-bar choppers. 

They are often used for green-chopping hay that is to be fed direct, because 

the shredded length is not critical. They can be used to pick up previously 

mowed or windrowed hay but leaf losses may be large if the hay is dry. 

A direct-throw flail chopper has a tapered discharge spout that covers the 

full width of cut and directs the material from the rotor into a forage wagon, 

utilizing kinetic energy imparted by the knives on the rotor. Cupped knives 

of the type shown in Fig. 14. le are employed to provide the impelling action. 

Operating at high peripheral speeds (46 to 56 m/s [9000 to 11,000 ft/min]), 

this type of knife pumps a considerable amount of air, which contributes to 

high power requirements. If the knives have too much curvature they do not 

unload properly. Average shredded lengths may be in the order of 65 to 90 

mm [21/2 to 31/2 in.]5,9 with some pieces over 150 mm [6 in.] long. Material 

this long does not pack well in silos and is difficult to remove from silos and 

to handle in conveyors. 
Some present-day flail choppers have auxiliary, flywheel-type cut- 

*Impact-type rotary cutters and flail shredders are also discussed in Section 14.4. 
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terheads, similar to those on conventional field choppers. An auger collects 

the material from the flail rotor and conveys it to the cutterhead located at 

one end of the flail rotor. The impeller-cutterhead delivers the recut material 

to the wagon through an adjustable spout, as on conventional field choppers. 

Flail knives of the type shown in Fig. 14.1 d are satisfactory and pump less 

air than do the cupped knives employed on direct-throw machines. 

The recut lengths are generally comparable with those from a conven¬ 

tional field chopper but tend to be less uniform because the material is not 

positively fed or held while being cut. The auxiliary cutterhead substantially 

increases the new cost. Some machines have the cross auger and an impeller- 
blower but no recut knives. 

Power requirements are high and are influenced by the type of flail knife 

and other machine characteristics, the operating conditions, and the type of 

crop. When chopping alfalfa hay with a direct-throw flail chopper, the total 

energy requirement at 13.6 Mg/h [15 tons/h] was found to be 1.1 kW-h/Mg 

[1.3 hp-h/ton] and the average length of cut was 74.7 mm [2.94 in.].5 With a 

cylinder-type cutterhead on a conventional field chopper and with an 

average chopped length of 57.2 mm [2.25 in.], Blevins found a total energy 

requirement of only 0.6 kW-h/Mg [0.7 hp-h/ton] at 13.6 Mg/h [15 
tons/h].4’5 

In other tests,16 the PTO energy requirements for chopping a mixture of 
ryegrass and red clover at 13.6 Mg/h [15 tons/h] was 1.7 kW-h/Mg [2.1 hp- 

h/ton] for a flail chopper having S-shaped knives (Fig. 14.1 d) and a 

flywheel-type recutter, as compared with 1.4 and 1.55 kW-h/Mg [1.7 and 

1.9 hp-h/ton] for 2 direct-throw machines having cupped knives. Appar¬ 
ently the additional power needed for the recutter was partially offset by 

reduced power requirements for the different-shaped flail knives that moved 

less air than the cup-shaped knives. Hennen13 reported energy requirements 

of 2.05 and 3.45 kW-h/Mg [2.5 and 4.2 hp-h/ton] for grass and a mixture 

of alfalfa and grass, respectively, with a flail chopper having a flywheel-type 
recutter. 

SHEAR-BAR-TYPE FIELD CHOPPERS 

16.3. Basic Components and General Characteristics. Shear-bar-type field 

choppers are available as either pull-type or self-propelled machines. 

Because of the general availability of large tractors, practically all pull-type 

models currently manufactured have PTO drives. Advertised capacities of 

54 to 73 Mg/h [60 to 80 tons/h] for corn silage are common. PTO power 

requirements for maximum capacities of the larger choppers are over 75 kW 
[over 100 hp]. 

Self-propelled models are basically heavy-duty machines designed to 

withstand high annual use. Engines usually have ratings of 112 kW [150 hp] 
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or more. A variable-speed propulsion drive is provided, either through a 

variable-speed V-belt drive or a hydrostatic drive. 

In general, shear-bar-type field choppers include the following basic, 

functional components. 

1. A gathering unit to cut standing plants or to pick up windrowed 

material. 

2. A conveying and feed mechanism with spring-loaded rolls or aprons to 

compress and hold the material for chopping. 

3. A cutterhead or chopping unit. 

4. A conveying or impelling arrangement to deposit the chopped material 

in the transport vehicle. 

16.4. Gathering Units. Field choppers have one or more of the following 

interchangeable gathering attachments, which makes them adaptable for a 

variety of jobs: (a) row-crop attachment for direct cutting of such crops as 

corn and sorghum for silage; (b) cutterbar unit for direct mowing and chop¬ 

ping of legumes and grasses for silage or direct feeding; (c) windrow pickup 

unit for wilted or low-moisture grass/legume silage or for cured hay. Two 

types of gathering attachments are shown in Fig. 16.1. Row-crop attach¬ 

ments are mostly for 1, 2, or 3 rows. A low set of gathering chains, not visi¬ 

ble in the illustration, moves faster than the upper set so the stalk butts enter 

the feed mechanism first. 
Most cutterbar attachments are similar to auger-type headers on self- 

propelled windrowers (Fig. 14.10 left). Cutting widths of 1.83 to 2.24 m [72 

to 88 in.] are the most common, but a few models have widths up to 3.65 m 

[12 ft]. The trend toward low-moisture silage in place of direct-cut 

grass/legume silage has shifted emphasis away from cutterbar attachments. 

Fig. 16.1. Left: Windrow-pickup gathering unit on a shear-bar-type field chopper. Note 

retracting fingers in center portion of auger. Right: Row-crop attachment. (Courtesy of Gehl 

Co.) 
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Fig. 16.2. Two common types of feed mechanisms. Top of shear bar would be horizontal for a 

flywheel cutterhead. 

16.5. Feed Mechanisms. Two common arrangements for feed 

mechanisms are shown diagramatically in Fig. 16.2. A chain-and-slat apron 

with notched, angle-iron cross bars sometimes replaces the two upper rolls. 

An arrangement with three lower rolls is shown in Fig. 16.4. An auxiliary 

clutch or gear transmission is usually provided to permit stopping or revers¬ 

ing the feed mechanism from the tractor operator’s seat if an overload oc¬ 
curs. 

The functions of the upper and lower feed rolls (adjacent to the shear bar) 

are to compress the material to be cut, feed it positively to the cutterhead, 

and hold it while cutting takes place. The lower feed roll is usually smooth, 

whereas the upper feed roll (or apron) has transverse ribs to provide max¬ 

imum holding ability. The upper and lower feed rolls should have relatively 

small diameters and be close to the cutting plane or arc so long pieces will 

not be pulled through by the knife. For the most positive feed, the peripheral 

speeds of all feed rolls and aprons should be the same. In determining 

peripheral speeds, the effective diameter of a corrugated or ribbed roller 

should be taken as slightly less than the outside diameter. 

The upper feed rolls or apron are spring-loaded and have provision for 

several centimetres of vertical movement to accommodate varying amounts 

of material. The cross-sectional area defined by the minimum width of the 

feed opening at the feed rolls and the maximum operating clearance between 

the upper and lower feed rolls is known as the throat of the chopper. Throat 
area is one of the factors that may limit the capacity of a chopper, as dis¬ 
cussed in Section 16.14. 

16.6. Chopping and Impelling. Two general types of cutterheads, known 

as the flywheel type and cylinder type (Fig. 16.3), have been employed on 

conventional field choppers. With either type, the mounting or shape of the 

knives is such that cutting occurs progressively from one end to the other to 

minimize peak torque requirements. Flywheel-type cutterheads usually have 
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Fig. 16.3. Left: A flywheel-type cutterhead. Right: A cylinder-type cutterhead, showing op¬ 

tional recutter screen. Top edge of recutter screen would normally be about level with the cylin¬ 

der axis. Openings are usually in line, rather than staggered. (Courtesy of Gehl Co.) 

4 or 6 knives. Most cylinder-type cutterheads have 6 knives and a diameter 
of 380 to 460 mm [15 to 18 in.] or 9 knives and a diameter of about 610 mm 

[24 in.]. With either type, some of the knives can be removed to increase 

the length of cut. The remaining knives must be equally spaced to maintain 

cutterhead balance. 

A flywheel-type cutterhead has 3 or 4 impeller blades around the 

periphery that throw or impel the chopped material up the discharge pipe 

and into the wagon. Impeller-blowers are discussed in Sections 16.16 
through 16.19. 

Cylinder-type cutterheads either obtain a direct-throwing action from the 

knives in a close-fitting housing or employ a separate impeller-blower 

located immediately behind the cutterhead (Fig. 16.4). Direct-throw models 

Fig. 16.4. Left: Cylinder-type cutterhead with cupped knives and direct throw. (Courtesy of 

Allis-Chalmers.) Right: Auxiliary impeller-blower on a cylinder-type cutterhead. Housing 

swings in and is clamped to cutterhead housing during operation. (Courtesy of Hesston Corp.) 
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may have deeply cupped knives as in Fig. 16.4 left, moderately curved 

knives, or essentially flat knives (Fig. 16.3 right). Experience has indicated 

that direct-throw cutterheads need peripheral speeds of 28 to 30 m/s [5500 

to 6000 ft/min] to satisfactorily deliver all kinds of materials to the rear of a 

wagon.19 Speeds of 30 to 33 m/s [6000 to 6500 ft/min] for a PTO speed of 

540 r/min are common on current models. When auxiliary impeller-blowers 

are employed, cylinder peripheral speeds are usually only 18 to 24 m/s 

[3500 to 4700 ft/min]. 
Flywheel-type cutterheads predominated on early models of field chop¬ 

pers, probably because this was the common type on stationary choppers 

that needed the impeller-blower capabilities for Filling tall silos. Most 

current models of Field choppers employ cylinder-type cutterheads. Because 

cylinder diameters are much smaller than flywheel diameters, more cuts per 

minute can be obtained without unnecessarily high peripheral speeds and the 

accompanying excessive power requirements (discussed in Section 16.13). 

Rigidity of the cutting components, necessary for maintaining close 

clearances between the knives and the shear bar, is easier to obtain than on a 

flywheel cutterhead. There is less damage to a cylinder-type cutterhead if a 

foreign object is fed into it. Built-in knife sharpeners are feasible and 

generally provided. 

The need for extremely Fine chopping of low-moisture grass/legume silage 

prompted the development of recutter-screen attachments for cylinder-type 

cutterheads (Fig. 16.3). These are sometimes used for other crops but are 

particularly effective for nonoriented materials such as hay or grass. Screens 

with square openings ranging from 13 mm to 102 mm [Vi in. to 4 in.] are 

available. Some have elongated slots. The larger sizes are employed for low- 

moisture silage. A recutter screen substantially increases power require¬ 

ments. An auxiliary impeller-blower, rather than direct throwing, is required 
on models having recutter screens available. 

16.7. Chopping Lengths. The theoretical length of cut is deFined as the 

amount of advance of the feed mechanism between the cuts of successive 

knives. The theoretical length is adjusted by changing the speed of the feed 

mechanism or the number of knives on the cutterhead. A third possible 

variable, the cutterhead speed, is usually not adjustable on present-day Field 

choppers. Current production models provide adjustments to obtain 
minimum theoretical lengths of 3 to 6 mm [Vs to Va in.]. Maximum settings 

range from 25 mm to 90 mm [1 in. to 3Vi in.]. A 6-knife cutterhead can be 

operated with 2, 3, or 6 equally spaced knives. From 2 to 6 feed-mechanism 

speeds are provided by means of gear-shift boxes and/or sprocket changes. 

The actual length of cut will approximate the theoretical length only when 

stalks feed in straight, as with row crops such as corn. When windrowed 

crops or other nonoriented materials are chopped, the actual length may 

average twice the theoretical setting, with some pieces being several times as 
long as the setting.2-12 
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A theoretical length of 6 mm [lA in.] is generally recommended for low- 

moisture grass/legume silage.12 Barrington and his associates2 compared 

cutting lengths, power requirements, and densities in the silo, chopping an 

alfalfa-brome mixture at about 50% moisture with and without a recutter 

screen having 102-mm [4-in.] square openings. With a theoretical length of 6 

mm ['4 in.] and no screen, approximately 12% of the mass was in pieces 

longer than 38 mm [l'/2 in.]. Adding the recutter screen reduced the long 
pieces to 5% of the mass. Average lengths were not determined. Recutting 
increased the density in the silo by 8.4%. When a 9.5-mm [3/8-in.] theoretical 

length plus a recutter screen was compared with a 6-mm ['/4-in.] theoretical 

length without a screen, the silage density was increased only 3.1%. 

A theoretical cut of 13 mm [V2 in.] is usually considered fine enough for 

corn silage. Considerably longer cuts (50 to 75 mm [2 to 3 in.]) are desirable 

for cured hay. With any crop, chopping into lengths shorter than 

necessary increases the energy requirements per megagram and may reduce 
the capacity of the chopper. 

16.8. Distribution of Power Requirements. The power required to operate 

a shear-bar-type field chopper is utilized in the following ways: (a) to gather, 

convey, and compress the material to be cut, (b) to shear the material, (c) to 

move the air pumped by the cutterhead and impeller-blower, (d) to ac¬ 

celerate the cut material to approximately the peripheral speed of the im¬ 

peller, (e) to overcome losses due to friction of the cut material within the 

housing, and (f) to overcome mechanical losses in the machine. 

Figure 16.5 shows the distribution of power as a function of feed rate, for 

one peripheral speed of a flywheel-type cutterhead, as obtained by Blevins4 

in tests with green alfalfa. Strain gages were installed on appropriate drive 

shafts to obtain power inputs to the flywheel and to the pickup and feed 

mechanism. Curve A, representing the power required for cutting, was ob¬ 

tained from tests made after removing the impeller blades and the peripheral 

band of the fan housing. The observed results were corrected for kinetic 

energy imparted by the knives and for air power as determined with no 

material passing through the cutterhead. The difference between curves B 

and A represents the calculated kinetic energy of the discharged material 

when operating with the fan shroud and impeller blades in place. 

Curve D represents the total power input to the flywheel shaft. Curve C 

was obtained by measuring the air power with no material being chopped 

and then subtracting this amount from curve D, assuming that the air power 

was not affected by the feed rate. The friction power, then, is the remaining 

difference between curves C and B. 

The difference between curves E and D represents the actual power deter¬ 

minations for the pickup and feed mechanism. Note that it increases more 

rapidly at high feed rates than at the lower rates. This power component 

should be relatively independent of cutterhead speed. 
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Feed rate, kg/m in (Ib/min) 

Fig. 16.5. Distribution of power in a flywheel-type field chopper at one peripheral speed of the 

impeller-blower and one theoretical length of cut. (F. Z. Blevins.4) 

The same power components would be involved in a direct-throw cylinder- 

type chopper, although the friction component and the air-blowing compo¬ 

nent probably would have different relative magnitudes. 

The situation becomes more complex when a cylinder-type chopper has an 

auxiliary impeller-blower. The accelerating and friction components of the 

impeller-blower would be similar to those shown for the flywheel-type chop¬ 

per. Blowing air would be a two-stage operation, part of the energy coming 

from the cutterhead and part from the impeller-blower. There would also be 

a component for acceleration of the material by the cutterhead to the cut¬ 

terhead peripheral velocity, most of which might be lost in friction before the 

material entered the impeller-blower. A recutter screen would add still 

another power component, partly due to the energy required for the addi¬ 

tional cutting and partly due to friction caused by the screen. 

16.9. Air Power. According to well-established fan laws, the power re¬ 

quired to move the air should vary about as the cube of the peripheral speed. 

If this power component is relatively constant regardless of the feed rate, as 

assumed in Fig. 16.5, the energy input to the slit, per megagram of chopped 
material, varies inversely with the feed rate. 

16.10. Cutting Energy. The cutting energy per megagram of material (on 

either dry or wet basis) varies with the moisture content, the length of cut, 

the condition of the cutting unit, and other factors. In 15 different groups of 

tests with alfalfa, Blevins4 found that, for a given moisture content and 

theoretical length of cut, the cutting energy per megagram was constant, 
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regardless of feed rate (as illustrated by curve A in Fig. 16.5). Tribelhorn and 

Smith,23 when chopping 150-mm-diameter [6-in.-diameter] bundles of corn 

with a 508-mm-diameter [20-in.-diameter] cylinder-type cutterhead, found 

no change in cutting energy per megagram when the knife speed was in¬ 

creased from 19.4 m/s to 25.3 m/s [3820 ft/min to 4980 ft/min] and about a 

10% increase between 25.3 and 29.5 m/s [4980 and 5810 ft/min.] 

Richey19 determined the cutting energy for 25-mm [1-in.] cuts by chang¬ 

ing the theoretical length of cut from 25 or 38 mm [1.0 or 1.5 in.] to 13 mm 
[0.5 in.] and relating the change in total cutterhead energy requirements 
per megagram to the increase in number of cuts per centimetre. This 

procedure is based on the assumptions that (a) cutting energy per megagram 

is inversely proportional to the cutting length, and (b) changing the cutting 

length by changing the number of knives or the speed of the feed mechanism 

does not affect any of the energy components other than cutting. Results for 

alfalfa (73% moisture) with 2 flywheel-type cutterheads indicated 0.41 and 

0.54 kW-h/Mg [0.50 and 0.66 hp-h/ton]* for a 13-mm ['/2-in.] theoretical 

cut. These values compare well with 0.44 kW-h/Mg [0.53 hp-h/ton] in¬ 

dicated by curve A in Fig. 16.5. Three comparisons with 2 cylinder cut¬ 

terheads averaged 0.33 kW*h/Mg [0.40 hp-h/ton] for a 13-mm ['/2-in.] 

theoretical cut. Richey found that cutting-energy results based on dif¬ 
ferences were not consistent for cuts longer than 38 mm [1V2 in.]. 

The right-hand graph in Fig. 16.6 shows the relation between cutting 

energy and cutting length for alfalfa, based on direct measurements with 

kW-h/Mgof wet material = kW-h/Mg of dry matter x -- 
100 

Moisture content M, percent (wet basis) Theoretical lengthof cut,millimetres 

Fig. 16.6. Effect of theoretical length of cut and of moisture content upon the cutting energy 

per megagram of dry matter, for alfalfa. Each plotted point represents a series of runs over a 

range of feed rates. Machine A had a cylinder-type cutterhead; B and C had flywheel cut¬ 

terheads. (Data from F.Z. Blevins.4) 

*Unless specifically stated otherwise, feed rates and energy requirements per megagram [per 

ton] in this chapter are based upon the wet mass of the material as chopped. 
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corrections applied for kinetic energy and air power as described in Section 

16.8. These results indicate that cutting energy per megagram increased less 

rapidly than the number of cuts per centimetre, especially for cuts longer 

than 25 mm [1 in.]. 
Hennen13 found that reducing the theoretical cut for green corn silage 

from 13 mm to 6 mm [Vi in. to V* in.] increased the total PTO energy re¬ 

quirement per megagram by about 35%. If the 13-mm [!/2-in.] cutting 

energy were assumed to be 35% of the total PTO energy (a reasonable 

assumption, based on Fig. 16.5), Hennen’s cutting-energy requirements 

would be directly proportional to the number of cuts per centimetre. 

The left-hand graph in Fig. 16.6 indicates the effect of moisture content 

upon the cutting energy per megagram, as measured by Blevins4 with a 

flywheel-type cutterhead. In the tests with a 25-mm [1-in.] theoretical cut, 

and also for a 13-mm [’/2-in.] cut with another machine, alfalfa chopped at 
45 to 50% moisture required more cutting energy per megagram of dry mat¬ 

ter than did green alfalfa or cured alfalfa. The difference between green 

alfalfa and alfalfa having 45 to 50% moisture is greater on a wet-mass basis 

than shown for the dry-matter basis. 

Liljedahl and his associates15 employed a pendulum arrangement to 

provide energy for making single cuts of a mat of compressed, random- 

oriented alfalfa stalks 200 to 280 mm [8 to 11 in.] wide and 6 to 19 mm [lA to 

% in.] thick. The knife speed was 2.4 m/s [480 ft/min]. In tests with a 

sharp knife, they obtained a relation similar to the 25-mm curve in Fig. 16.6, 

with a maximum at about 40% moisture. Their energy requirements were 
only one-half to one-third as great as obtained by Blevins. 

The laboratory tests indicated that, when cutting alfalfa at 60% moisture, 

a knife artificially dulled to a radius of only 0.08 mm [0.003 in.] on the 
cutting edge required twice as much cutting energy as did a sharp knife when 

the clearance between the knife and shear bar was 0.05 mm [0.002 in.] and 3 

times as much when the clearance was 0.41 mm [0.016 in.]. Clearance had 

very little effect when the knife was sharp. It is probable that the effects of 

sharpness and clearance would be less at the usual cutterhead speeds of 20 to 

30 m/s [4000 to 6000 ft/min] than at the speed of 2.4 m/s [480 ft/min] em¬ 
ployed in the laboratory tests. 

16.11. Friction Energy. As indicated in Fig. 16.5, a considerable amount 

of power may be absorbed (and wasted) by friction between the chopped 

material and the periphery of the housing. It can be shown analytically that 

the friction energy per unit of material mass, lost as a result of the effect of 
centrifugal force, is 

Ej = 4.848 X 10~6ti/3V2 

[Ef= 1.522 X 10-10 uPV2] 

(16.1) 
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where Ej- = friction energy, in kilowatt-hours per megagram of material 
[horsepower-hours per ton] 

M = coefficient of sliding friction between the chopped material and 
the housing 

/? = angle subtended by the average arc of housing periphery rubbed 

by the chopped material, in degrees 

V = peripheral speed of impeller, in metres per second [feet per 

minute] 

The angle must represent the average arc of contact for all material pass¬ 

ing through the unit, since all the material from a flywheel cutterhead does 

not strike the housing at the same place. 

Note that the friction energy per megagram is independent of the feed rate 

but increases as the square of the peripheral speed. With large particles, such 

as chopped corn, there is probably very little wedging action between the im¬ 

peller blades and the housing. But it is believed that with grass/legume silage 

the smaller particles result in considerable wedging, which increases the 

energy loss due to friction. Field observations of the housing becoming hot 

when chopping grass/legume silage provide evidence in support of this ef¬ 
fect.1 

Coefficients of friction for chopped materials on polished galvanized steel 

and stainless steel are presented for various conditions in ASAE Data D251 

(Agricultural Engineers Yearbook). These data indicate average values for 

the coefficient of sliding friction on polished galvanized steel of 0.30 for 

chopped straw and 0.68 for corn or grass/legume silage at 73% moisture. 

Experimental determination of the friction power for 2 field choppers (as 

described in Section 16.8) indicated an average value of 41.8 for the product 
M X in equation 16.1.4 

16.12. Kinetic Energy. Assuming that the chopped material leaves the im¬ 

peller blades or cylinder-type knives at about the peripheral speed of the im¬ 

peller or cutterhead, its kinetic energy per unit mass is 

Eke = 1.389 X 10“4 V2 (16.2) 

[Eke = 4.361 X 1(T9 V2 ] 

where Eke = kinetic energy, in kilowatt-hours per megagram [horsepower- 

hours per ton] 

V = peripheral speed of impeller, in metres per second [feet per 

minute] 

Note that this component also increases as the square of the peripheral 

speed. 
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16.13. Total Energy Requirements. Figure 16.7 shows the relation of 

energy requirements per megagram versus impeller peripheral speed when 

chopping and elevating corn silage with flywheel-type stationary ensilage 

cutters in tests prior to 1930. In these tests Duffee" found that the total 

energy requirement at a given peripheral speed of the impeller-blower was 

practically the same for any actual elevating height below about 18 m [60 ft] 

and increased only moderately for greater heights (up to the practical 

height limit indicated by the broken-line curve for the particular speed). This 

is because the kinetic energy imparted to the material is a function of the im¬ 

peller speed. Any kinetic energy not needed for elevation or for horizontal 

carry after discharge is wasted. Power requirements increase rapidly with 

speed because several of the power or energy components are proportional 

to the square or cube of the speed, as discussed in the preceding sections. For 

this reason, unnecessarily high speeds should be avoided. 

(3) (4) (5) (6) (7) (8) (9) (10) 

C 
O 
o 

Peripheral speed of impeller, m/s (ft/minx I0'3) 

Fig. 16.7. Total energy requirements for chopping and elevating green corn silage with a 

theoretical cut of approximately 13 mm [V2 in.] and an average feed rate of about 14.5 Mg/h [16 

tons/h]. The broken-line curve indicates minimum speeds recommended by Duffee for vertical 

heights up to 30 m [100 ft]. (F.W. Duffee.11) 

Data from Berge3 plotted on Fig. 16.7, and other unplotted data for lower 

peripheral speeds,1 indicate that the curve in Fig. 16.7 is applicable to field 

choppers with flywheel cutterheads when chopping corn silage with a 13-mm 

[!/2-in.] theoretical cut. The curve should also apply reasonably well for 

direct-throw cylinder cutterheads, indicating a little over 0.8 kW-h/Mg [1 
hp-h/ton] at 33 m/s [6500 ft/min], 

Hennen13 reports results from tests conducted by a manufacturer with 

several makes of field choppers and various crops during the period from 
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1960 to 1970. No information is given regarding the type of cutterhead, 

whether the chopped material was discharged by a direct-throw cylinder or 

by an auxiliary impeller-blower, or the magnitude of the peripheral speeds. 

Energy requirements at normal feed rates ranged from 1.0 to 1.5 kW- h/Mg 

[1.2 to 1.8 hp-h/ton] for a 13-mm ['/2-in.] theoretical cut with corn silage at 

60 to 80% moisture and from 1.5 to 2.0 kW-h/Mg [1.8 to 2.4 hp-h/ton] for a 

6-mm ['/4-in.] theoretical cut with mature corn silage at 40 to 60% moisture. 

Energy requirements for chopping green alfalfa (74% moisture content) 

with a 13-mm ['/2-in.] theoretical cut were obtained by Blevins4 with 3 field 

choppers at peripheral speeds ranging from 20 to 46 m/s [4000 to 9000 

ft/min]. His results indicate total energy requirements about 25 to 35% 

greater than those represented by the curve for corn silage in Fig. 16.7, 

which would be about 1.1 kW-h/Mg [1.3 hp-h/ton] at a typical peripheral 

speed of 33 m/s [6500 ft/min] for a direct-throw chopper. Richey19 ob¬ 

tained comparable results with one flywheel-type chopper and one direct- 

throw cylinder chopper, and substantially higher energy requirements with a 

second flywheel-type chopper. 

Hennen13 includes results for alfalfa at 65% moisture with a 6-mm [14-in.] 

theoretical cut that range from 1.55 to 2.3 kW-h/Mg [1.9 to 2.8 hp-h/ton] 

(peripheral speeds not stated). Some. of Hennen’s results probably 

represent choppers with auxiliary impeller-blowers. 
Hennen’s energy requirements for chopping low-moisture alfalfa silage at 

a 3-mm [Vs-in.] theoretical cut and with no recutter screen were about the 

same as for a 6-mm [!4-in.] theoretical cut using a recutter screen. Values 

ranged from about 4 kW-h/Mg [5 hp-h/ton] at 40 to 45% moisture to 2.5 

kW-h/Mg [3 hp-h/ton] at 60% moisture.13 In Wisconsin tests with a 6-mm 

[14-in.] theoretical cut and an alfalfa-brome mixture at 49% moisture, adding 

a recutter screen with 102-mm [4-in.] square openings increased the 

tractor fuel consumption by 0.27 kg/Mg [0.54 lb/ton]. Assuming a fuel con¬ 

version factor of 1.65 kW*h/L (Table 2.2) and a density of 0.72 kg/L, the 

increase in energy requirements due to the recutter screen would be 0.62 

kW-h/Mg [0.75 hp-h/ton]. 
Total energy requirements per ton for a forage chopper decrease 

somewhat as the feed rate is increased (curve E in Fig. 16.5), primarily 

because the power for blowing air and some minor power requirements are 

relatively independent of feed rate. 
16.14. Capacity of Field Choppers. The capacity of a field chopper may 

be limited by the capacity of the feed mechanism, by the amount of power 

available, by the ability of the cutterhead and impeller to chop and handle 

the material, or by other factors. 
The theoretical maximum capacity of the feed mechanism is a function of 

throat cross-sectional area (defined in Section 16.5), the rate of advance of 
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material through the throat (generally considered to be the same as the 

linear speed of the feed mechanism), and the density of the forage as it 

passes between the feed rolls. The theoretical capacity Tt, in megagrams per 
hour [tons per hour], may be expressed by the relation 

Tt = 6.000 X 1(T9 D A L N R (16.3) 

where D = 

A = 
L = 

N = 

R = 

[ Tt = 1.736 X 1(T5 DALNR ] 

density of forage as it passes between the feed rolls, in 

kilograms per cubic metre [pounds per cubic foot] 

throat area, in square centimetres [square inches] 

theoretical length of cut, in millimetres [inches] 
number of knives on cutterhead 

speed of cutterhead, in revolutions per minute 

The actual maximum working capacity of the feed mechanism will or¬ 

dinarily be somewhat less than the theoretical maximum because of the dif¬ 

ficulty in maintaining a uniform feed rate. It has been suggested that rated 

capacities (at 100% field efficiency) be taken as 70% of the theoretical max¬ 

imum when chopping corn silage and 60% of the theoretical maximum when 
chopping hay.1 

Throat widths of 430 to 585 mm [17 to 23 in.] and heights of 115 to 165 

mm [4V2 to 6V2 in.] are typical for many current models. Throat areas range 

from 420 to 970 cm2 [65 to 150 in.2], with 680 to 810 cm2 [105 to 125 in.2] 
being most common. The speed of the feed mechanism is determined by the 

number of knives on the cutterhead, the cutterhead speed, and the desired 

theoretical length of cut. Reducing the feed-mechanism speed to obtain a 
shorter cut reduces the capacity of the feed mechanism. 

The density factor is primarily a function of the type of material and its 

moisture content but is also influenced by the way the material enters the 

feed mechanism and by the pressure of the feed rolls. The effective feeding 

density of a given material may not be the same as the storage density and 

will vary somewhat for different machines. It can best be determined by ac¬ 

tual capacity tests with the machine or machines involved. Results of 

research at the Wisconsin Agricultural Experiment Station over a period of 
many years indicate that average effective densities of 340 kg/m3 [21 lb/ft3] 

for green corn silage and 56 kg/m3 [3.5 lb/ft3] for hay at 26% moisture are 
reasonable values.1-3 

The capacity of the feed mechanism may be the limiting factor when mak¬ 

ing short cuts in light material, such as a 6-mm [!4-in.] theoretical cut with 

low-moisture grass/legume silage. But when chopping corn silage with a 13- 

mm [!/2-in.] theoretical cut, the availability of power is more likely to be the 
controlling factor. 
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HANDLING CHOPPED FORAGE 

Chopped forage is usually collected from the chopper in a self-unloading 

forage wagon pulled behind the chopper. At the storage site the wagon un¬ 

loads the material at a controlled rate into a forage blower. With choppers 

available that can harvest more than a megagram a minute, materials han¬ 

dling becomes an important aspect of a field chopping system. For the most 

efficient operation, the size and number of wagons and the blower capacity 

must be closely matched to the chopper capacity. Hitching and unhitching 

wagons behind the chopper every 10 to 15 min can drastically reduce the 

field efficiency. 
16.15. Forage Wagons. The typical self-unloading forage wagon has a 

chain-and-slat conveyor on the bed that moves the material to a conveyor 

located across the front of the wagon. Chain-and-slat cross conveyors are 

the most common type, but augers and belts are sometimes employed. A 

vertically stacked group of 2 or 3 toothed, rotating beaters “shaves” off the 

advancing load uniformly onto the cross conveyor. The cross conveyor 
delivers the material into the hopper of the elevator or conveyor at the 

storage site. When the cross conveyor is fitted with a short, inclined exten¬ 

sion, the wagon can be used to distribute feed as the wagon is pulled along a 

continuous manger or bunk. 

To prevent excessive losses of chopped material while loading and in tran¬ 

sit, forage wagons are usually covered or have roof attachments available. 

Volumetric capacities are mostly from 8.5 to 21 m3 [300 to 750 ft3]. Many 
forage wagons have reversible drives on the bed conveyor to permit rear un¬ 

loading of various materials such as jumbled bales from a bale thrower. Ear 

corn from a field picker can be collected in a forage wagon and unloaded 

with the cross conveyor. 
The tractor PTO usually drives the conveyors and beaters. The bed- 

conveyor speed needs to be adjustable to control the unloading rate. Linear 

speeds of 0.3 to 1.5 m/min [1 to 5 ft/min] are typical. Various speed- 

change arrangements are used, including gear-change boxes, ratchet drives, 

variable V-belt drives, changing sprockets, and hydraulic motors. Gear- 

change boxes are the most common. A ratchet drive provides a simple 

means of obtaining a large speed reduction and speed adjustment, but 

produces intermittent motion and high peak forces. With any drive arrange¬ 

ment, moderate speed changes to match the unloading rate to the blower 

capacity may be made by changing the tractor engine speed. 

A telescoping tongue is highly desirable to facilitate hitching to the rear of 

the chopper or to the transport vehicle. Such a device permits one man to un¬ 

latch and extend the tongue as required to make the connection, without 

having to accurately maneuver and position the towing machine. After 

hitching, the operator merely backs the machine until the tongue locks in the 

retracted position. 
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16.16. Forage Blowers. Forage blowers are popular for handling chopped 
material because of their simplicity, dependability, and high capacities. 
Basically, a forage blower consists of a feed hopper and conveyor that feeds 
the material into an impeller-blower similar to the units on some field chop¬ 
pers. Impeller-blowers depend primarily upon the throwing action of the 
blades rather than upon air velocity. An impeller-blower has a relatively 
small number of blades — usually 3 or 4 on field choppers and 6 on forage 
blowers. The housing is concentric, with the radial clearance between the 
blades and the housing periphery usually not over 3 mm [Vs in.]. 

Fig. 16.8. (a) A forage blower with typical, short hopper. Most units do not have the adjustable 
plate to control the size of feed opening. (Courtesy of Koehring Farm Equipment.) (b) 

Schematic arrangement of an impeller-blower. 

Short feed hoppers with auger conveyors (Fig. 16.8) are the most common 
arrangement on current models. This type of hopper is suitable for un¬ 
loading from the front cross conveyor of a forage wagon. A blower having a 
915-mm-diameter [36-in.-diameter] circular hopper and a high-speed 
rotary-table feed conveyor became available in 1970. Some forage blowers 
have tilt-up chain-and-slat conveyor tables, 2.7 to 3.7 m [9 to 12 ft] long, 
usually feeding into an auger hopper. The long feed tables are necessary for 
rear unloading from wagons without cross conveyors. Before the widespread 
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adoption of forage wagons with cross conveyors, long feed tables feeding 

directly into the impeller-blower were the rule. 

Forage blowers are generally designed to provide the desired peripheral 

speeds with the impeller-blower connected directly to the 540-r/min PTO 

shaft of a tractor. Some have auxiliary drives, such as sprockets and a chain 

from a jack shaft, for 1000-r/min PTO speeds or to permit increasing the 

impeller-blower speed. Impeller-blowers generally have diameters from 
1190 to 1420 mm [47 to 56 in.] and peripheral speeds of 34 to 40 m/s [6700 

to 7900 ft/min] at 540 r/min. Blades are usually radial or slanted backward 

5 to 10°. Most discharge pipes have diameters of 229 mm [9 in.]. Rated 

capacities of the larger models are at least 55 to 90 Mg [60 to 100 tons] of 

corn silage per hour and one-third to one-half as great for dry hay. 
The trend toward increased use of low-moisture grass/legume silage has 

influenced forage-blower design, primarily because of problems from the 

gummy residue. Short feed hoppers sorfietimes have vibrating pans or tables 

to improve the uniformity of flow to the auger. (These also help with other 

materials.) Many models have garden-hose connections to permit spraying 

water onto the impeller blades during operation with low-moisture silage. 

16.17. Material Movement in an Impeller-Blower. When a forage particle 

that has entered the blower housing is contacted by an impeller blade, it is 

almost immediately accelerated to the angular velocity of the blade. Cen¬ 

trifugal force then causes the particle to move outward on the blade until it 

contacts the housing periphery or is discharged directly into the outlet open¬ 

ing. If the particle does not reach the blade tip until the blade is past the out¬ 

let cutoff point (Fig. 16.86), the particle must make another revolution, 

sliding against the housing and increasing the friction losses, before it can be 

discharged. 

As indicated in Section 16.11, friction against the housing can represent a 

major energy component. For the best performance of a forage blower, the 

feed inlet must be positioned to minimize carry-over past the feed outlet and 

to minimize the sliding distances around the periphery before the particles 

reach the outlet. Determination of the best location of the feed inlet opening 

with respect to the outlet is facilitated if the paths of particles on the blade 

are known or can be predicted. 

Totten and Millier22 present general equations for particle displacement 

and velocity along a blade, as derived by Kampf. These equations apply to 

radial or slanted flat blades and include the effect of friction between the 

particle and the blade. Gravitational effects are neglected and it is assumed 
that particle movement along the blade is not affected by air movement and 

that the initial acceleration to the blade velocity does not affect the particle 

path. Simplified equations for radial blades, assuming zero radial velocity of 

the particle at the initial contact and immediate acceleration to the angular 

velocity of the blade, are as follows:22 
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(16.4) 

(16.5) 

where rQ = radius of initial contact between the particle and the blade 

9 = angle of rotation of the impeller beyond the point of initial contact 
at ra, in radians 

r = radial distance to the particle at rotational angle 9 

Vr = radial velocity of particle with respect to the blade at rotational 
angle 6 

co = angular velocity of impeller 

e = base of natural logarithms 

A = - n + Vm2 + 1 
B — - fj~ \/ii2 + 1 

H = coefficient of sliding friction between the particle and the blade 

These relations are reasonably accurate for blades that are slanted small 

amounts from the radial position.22 Note that the ratio r/rQ is independent of 

the rotational speed of the impeller and of the feed rate. The theoretical 

angle of rotation 9j required for a particle to reach the housing periphery or 

blade tip, and the radial velocity Vrj when the particle reaches the blade tip, 

can be determined from equations 16.4 and 16.5 by letting r equal the hous¬ 
ing radius ry, 6 = 0f, and Vr = Vrf. 

For an assumed value of n = 0.7, which is reasonable for green silage, 

calculated values of (converted from radians) are 102° for rQ = 0.5rf, 64° 
for r0 = 0.7 /y, and 30° for r0 = 0.9rf. Corresponding values of 9{ for u = 0.3 
are 86°, 55°, and 28°. J 

These calculated values of indicate that, with the usual location of the 

feed opening on present-day forage blowers (Fig. 16.86), there should be 

very little carry-over past the cutoff point with most types of chopped 

forage. High-speed motion pictures in a series of tests confirmed this 

hypothesis for green alfalfa.22 Long-cut cured hay is more troublesome than 

short-cut material in regard to carry-over, sometimes hairpinning over the 

blade tip and creating a severe wedging condition as it is carried around the 

housing beyond the cutoff. Prior to the 1960s, many forage blowers had feed 

openings laterally centered just below the impeller axis. Carry-over was in¬ 
herently more serious than with the present-day location. 

If a particle is released directly into the outlet opening without striking the 

housing, the discharge direction in relation to the axis of the discharge pipe 

is determined by the direction of the resultant of Vrj- and the tangential 

velocity of the blade tip and by the angle of the impeller with respect to the 

outlet axis when the discharge occurs. According to a relation developed by 
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Chancellor,6 impact of particles discharged at an angle of 20 to 30° from the 

pipe axis causes a loss of 50 to 70% of the particles’ kinetic energy when the 

coefficient of friction is 0.6. 

16.18. Elevating Effect. In general, it is reasonable to assume that the 

chopped material leaves the impeller blades with a tangential velocity com¬ 

ponent about equal to the peripheral speed of the impeller. Theoretically, if 

there were no air resistance or pipe friction, material leaving the impeller 

blades at a vertical velocity V would be elevated to a height of h = V^/lg. 

Actual attained heights are considerably less than the theoretical heights 
because of friction and aerodynamic drag and because the material must 

have sufficient energy at the top to carry it around the elbow and deflect it 
into the storage container. 

Blockages will occur in the pipe if the peripheral speed for a given height is 

too low. Operation at speeds greater than needed for elevation results in ex¬ 

cessive power requirements. Based on tests with stationary corn ensilage 

choppers having flywheel-type cutterheads, Duffee11 recommended 

peripheral speeds representing a 40% elevating efficiency (i.e., actual height 

= 40% of theoretical height). The broken-line curve in Fig. 16.7 shows the 

relation between recommended speed and actual height. Field experience in¬ 

dicates that minimum peripheral speeds for grass/legume silage should be 

about 15% greater than for corn silage. When a forage blower is putting 

material into a barn mow, the terminal velocity from the discharge pipe or 

elbow must be great enough to carry the hay across to the opposite side of 

the mow. 

Totten and Millier22 observed flow patterns, material velocities, and air 

pressures at 4 levels up to 20.7 m [68 ft.] in a vertical pipe when conveying 

green alfalfa having a 38-mm [1 Vi-in.] theoretical cut. They found that 

most of the reduction of total energy in the air-forage stream (kinetic + 
potential + air pressure) occurred in the lower 6.1 m [20 ft], primarily 

because of friction between the chopped material and the lower portion of 

the pipe. This observation is consistent with Chancellor’s predictions of high 

losses from nonaxial discharge into the pipe (Section 16.17). Only 55% of the 

initial velocity remained at 7 m [23 ft] above the impeller axis, but 38 to 46% 

remained at 20.7 m [68 ft]. 

Chancellor and Laduke8 analyzed the motion of a particle in a deflector 

elbow and concluded that, usually, more than 50% of the kinetic energy of a 

particle is lost in a 90° elbow. In many cases the capacity limit of a blower is 
determined by characteristics of the deflector elbow that contribute to plug¬ 

ging. They suggest several possibilities for improving the deflector design. 

In general, the air velocity in the discharge pipe is lower than the velocity 

of the solid particles leaving the impeller blades.20 Thus during at least the 

lower part of the upward motion, the air stream is absorbing energy from the 

solid particles. As the solid particles slow down due to the effects of gravity, 
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friction, and aerodynamic drag, their velocity in the upper portion of the 

pipe may become less than the air velocity. The air will then transfer energy 

to the solid particles, thereby providing some pneumatic conveying effect. 

Chancellor7 derived equations for height versus time for a particle moving 

upward in a vertical pipe, considering separately the relations with the parti¬ 

cle velocity greater or less than the air velocity and neglecting friction be¬ 

tween the solid particles and the pipe. He developed a procedure for com¬ 

puting the effect that energy transfer between the air and the solid particles 

has upon the static air pressure required at the blower outlet for various air¬ 

flow rates. He investigated analytically the effects of feed rate, impeller- 

blower speed (particle initial velocity), pipe diameter, and pipe length, for an 

assumed particle suspension or terminal velocity of 5.2 m/s [17 ft/s]. 

Chancellor concluded that under most conditions the solid material im¬ 

parts energy to the air stream, thereby slowing down the solids and decreas¬ 

ing the static pressure required at the blower (often to a negative value). The 

primary function of the air stream is to reduce the effect of air resistance 

upon the velocity of the solid particles. His calculations show that the air 

velocity in the pipe has a marked influence upon the velocity of the solid par¬ 

ticles at the top of the pipe. Partially blocking the inlet to the blower, either 

with material being fed in or with an adjustable gate, reduces the elevation 

height for a given impeller speed. Using a discharge pipe that is too large in 

relation to the blower size and inlet opening reduces the air velocity and ad¬ 

versely affects the elevating ability. A pipe that is too small increases friction 
losses. 

16.19. Energy Requirements and Efficiencies. As a particle moves 

through an impeller-blower, energy is required or expended (a) because of 

the initial impact of the particle on the blade, (b) to accelerate the particle 

along the blade from the point of initial impact to the blade tip, (c) to main¬ 

tain the blade’s rotational velocity when the particle strikes the housing 

periphery, and (d) to overcome friction as the particle slides along the hous¬ 
ing periphery.22 

The theoretical efficiency (kinetic energy of particle leaving the blade 

divided by the energy input to particle) for particles that enter the blower 

outlet without touching the housing is 50% for radial paddles.22 This value 

represents the maximum efficiency attainable with a radial-blade impeller- 

blower. Particles contacting the housing are subjected to additional losses 

from (c) and (d), above. The frictional loss due to sliding along the housing 

periphery is indicated by equation 16.1. Wedging of particles between the 

blade and the housing, especially with grasses and cured hay, can cause 

significant increases in friction losses. In practice, impeller-blower efficien¬ 
cies, as defined above, are usually 25 to 30%.17 

Total power requirements increase rapidly with speed because all the 

major power components (moving air, friction, and kinetic energy) 
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theoretically vary as the square or the cube of the peripheral speed (discussed 

in Sections 16.9, 16.11, and 16.12). Deforest10 determined power require¬ 

ments in 1947 for an 8-blade impeller-blower elevating corn silage at 

peripheral speeds from 30 to 61 m/s [6000 to 12,000 ft/min]. Increasing the 

speed from 35.6 m/s to 45.7 m/s [7000 ft/min to 9000 ft/min] increased the 

energy requirements from 0.45 kW-h/Mg to 0.70 kW-h/Mg [0.55 to 0.85 

hp-h/ton]. Smith21 obtained energy requirements of 0.78 and 1.11 

kW-h/Mg [0.95 and 1.35 hp-h/ton] at speeds of 35.6 and 43.2 m/s [7000 

and 8500 ft/min], respectively, with two 4-blade (radial) impeller-blowers 

when elevating 24.5 Mg/h [27 tons/h] of grass/legume forage having 53% 

moisture. 
Manufacturers’ stated capacities and recommended power levels for 

current models yield maximum-capacity specific-energy values in the range 

of the values obtained by Deforest. In general, energy requirements per 

megagram increase as the feed rate is decreased and are greater for low- 

moisture grass/legume silage than for green silage. 

Overall efficiencies of forage blowers are quite low compared with 

mechanical conveyors. For an assumed peripheral speed of 35.6 m/s [7000 

ft/min], a maximum practical elevating height of 24.4 m [80 ft] for corn 

silage at this speed (Fig. 16.7), and an energy requirement of 0.58 kW-h/Mg 

[0.7 hp-h/ton], the calculated overall efficiency is 11.6%. 
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PROBLEMS 

16.1. The cylinder-type cutterhead on a direct-throw field chopper has 6 knives and a 

diameter of 460 mm. The peripheral speed is 30 m/s. The throat size is 50 X 14 cm. For a 13- 

mm theoretical length of cut with corn silage, 

(a) Calculate the linear speed of the feed mechanism. 

(b) Calculate the rated capacity in megagrams per hour, at 100% field efficiency. (Assume 
rated capacity = 70% of theoretical maximum.) 

(c) Estimate the total power requirement at rated capacity, indicating the basis for your 
estimate. 

16.2. Derive equation 16.1. 

16.3. The total power input to the impeller-cutterhead on a PTO-driven field chopper is 22 

kW and the theoretical length of cut is 13 mm. The division of power is as follows: cutting — 

40%, accelerating chopped material — 20%, friction of chopped material in housing — 25%, 

and blowing air — 15%. If the tractor engine speed is increased 10% (thereby increasing the 

forward speed and the speeds of all chopper components), what would be 

(a) The new total power input to the impeller-cutterhead? 

(b) The new theoretical cutting length? 

16.4. (a) A forage blower with a 1200-mm-diameter impeller is used to elevate corn silage to 

a height of 21 m. According to Duffee’s recommendations, what is the minimum r/min for the 
blower? 
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(b) What are the principal effects of operating at a speed greater than necessary? What are 

the effects of operating at too low a speed? 

16.5. Calculate the mass and volume (cubic centimetres) of corn silage carried on each im¬ 

peller blade of a 6-blade forage blower operating at 540 r/min when the feed rate is 65 Mg/h. 

Assume a density of 320 kg/m3. 

16.6. (a) If a particle of material entering a forage blower contacts a radial blade 10° before 

the blade reaches its vertically downward position, at what distance from the rotor center must 

it contact the blade in order to be discharged directly into the outlet opening when the blade is 

25° above horizontal? Assume ^ = 0.7 and impeller diameter = 1270 mm. 

(b) At what angle from the vertical would the particle be discharged? 



17 

Grain and Seed Harvesting 

17.1. Introduction. Practically all grain and seed crops in the United 

States are now harvested with combined harvester-threshers, commonly 

known as combines. The greatest applications of combines are in harvesting 

the small grains, soybeans, and corn, but these machines are also used for a 
wide variety of small-area or specialty seed crops. Corn heads and the prac¬ 

tice of harvesting corn with grain combines are discussed in Chapter 18, 
along with specialized corn harvesting equipment. 

Direct combining, which means cutting and threshing in one operation, is 

the most common harvest method. Combining from the windrow involves an 
extra operation (windrowing) as compared with direct combining but is ad¬ 

vantageous under certain conditions. Windrowing permits the curing of 

green weeds and unevenly ripened crops before threshing. The weather 

hazard to the standing crop is reduced because windrowing can be started 

several days earlier than direct combining. The principal application of 

windrow combining for cereal grains is in the northern section of the United 

States and in western Canada. Crops such as alfalfa, clovers, and flax are of¬ 
ten harvested by the windrow-combine method. 

In areas having a hot, dry climate, the system of spray curing followed by 

direct combining is common for small-seed legumes such as alfalfa and 

Ladino clover. In this method, a desiccant or a general-contact herbicide is 

applied to kill the top growth. The crop is then direct combined after the 

leaves are dry but before regrowth starts. Spray curing is most effective 

when the crop is uniformly mature, open, and erect. More than one spray 

application may be needed if the crop has a heavy, lush growth. 

17.2. Development of Level-Land Combines. Although combines were 

common in California before the turn of the century, the large-scale adop¬ 

tion of these machines in the Great Plains area did not occur until the 1920s. 

Early combines were large, pull-type machines with headers hinged to the 

side of the separator body just ahead of the cylinder. Some headers were as 

wide as 10.7 m [35 ft]. Small, pull-type combines, mostly 1.5 to 2.1 m [5 to 7 

ft] cut, became available in the mid 1930s. These were one-man machines, 

adaptable to the small farms in the central and eastern sections of the United 
States. They gained in popularity quite rapidly. 

Self-propelled, front-cut combines, mostly with 3.0 to 4.3 m [10 to 14 ft] 

headers, came into prominence during the 1940s. Sizes have become larger 

in recent years, with headers up to 7.3 m [24 ft] wide available in 1977. Self- 

392 
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propelled combines have largely replaced pull-type machines, comprising 90 

to 95% of all combines manufactured annually in the United States in 1967, 

1968, and 1969.1 Self-propelled combines have either variable-speed V-belt 

propulsion drives or hydrostatic drives. Infinitely variable forward-speed 

control is important to facilitate maintaining optimum feed rates into the 

combine. 

Most pull-type machines currently manufactured are merely PTO-driven 

adaptations of self-propelled models. Header widths are usually 3.0 to 4.0 m 

[10 to 13 ft]. The principal interest in pull-type machines is in areas where 

windrow combining is common. Pull-type combines are considerably less ex¬ 

pensive (and less maneuverable) than comparable self-propelled models. 

17.3. Hillside Combines. A hillside combine has provision for keeping the 

body level while harvesting on slopes. Levelness is important in regard to 

proper functioning of the separating and cleaning units and for machine 

stability. The principal use of hillside combines is in the Pacific Northwest. 

The first hillside combines, built in about 1890,51 were horse-drawn, ground- 

traction-driven machines that were leveled manually. 

Automatic-leveling, self-propelled hillside combines became generally 

available in the early 1950s.51 Some present-day models provide only lateral 

leveling, but some also have fore-and-aft leveling. Lateral leveling is accom¬ 

plished by hydraulically moving one drive wheel up and the other down with 

respect to the body. Appropriate linkages keep all four wheels vertical. The 

header platform is attached to the feeder housing in such a manner as to 

provide a longitudinal pivot axis. A linkage between the header and the 

main-axle assembly automatically keeps the platform parallel with the 

ground beneath the drive wheels. Side leveling can compensate for max¬ 

imum slopes of 30 to 45%. 

Fore-and-aft leveling requires an additional mechanism to raise and lower 

the rear wheels with respect to the rear of the combine and a linkage connec¬ 

tion between the rear axle and the header to keep the header height constant. 

Fore-and-aft leveling permits operating up or down a slope, whereas lateral 

leveling alone is effective only for operating approximately on the contour. 

Automatic four-way leveling systems for hillside green-pea combines (Fig. 

21.3) have been patterned after those on grain combines. 

Sensing devices are controlled by the action of gravity upon a pendulum 

or upon a liquid.51 One system, for side leveling and fore-and-aft leveling, 

has a heavy, damped pendulum that actuates specially designed spool-type 

-hydraulic control valves (Section 4.22). In another system, which has only 

side leveling,22 a fluid reservoir exerts pressure on a diaphragm and sensitive 
pressure switch located at some lateral distance from the reservoir. Any side 

tilting of the combine body changes the pressure on the diaphragm and ac¬ 

tuates the switch, which in turn operates solenoid valves in the hydraulic 

system and levels the machine. In a third type of system, the liquid is an elec- 



394 PRINCIPLES OF FARM MACHINERY 

trie conductor, such as mercury, and acts as a switch when the level in one 

leg of a U-tube arrangement raises or lowers.51 Some systems have two- 

speed leveling, the slower speed being for small amounts of tilt. 

17.4. Functional Components of a Combine. The ultimate purpose of any 

harvesting and threshing operation is to recover the seed, free from plant 

residue, with a minimum of seed loss. If the seed is intended for planting or 

certain other uses, minimum visible damage and internal injury are impor¬ 

tant. The four basic operations performed by a combine in recovering the 
seed are: 

1. Cutting, or picking up from the windrow, and conveying the material 
to the threshing mechanism. 

2. Threshing (detachment of individual seeds from the supporting parts of 
the plant). 

3. Separating the seed and chaff from the straw. 

4. Cleaning the chaff and other debris from the seed. 

A general arrangement of the basic functional components of a conven¬ 

tional self-propelled combine is shown schematically in Fig. 17.1. Although 

Cylinder Grain Clean- 

each of the basic functions is discussed in detail in later sections, it should be 

helpful to the reader to first obtain an overall picture of the entire sequence 
of operations. 

In direct combining, the reel pushes the uncut stalks against the cutterbar 
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and then delivers the cut material onto the header platform. The header 

cross conveyor (usually an auger) delivers the material to the feeder con¬ 

veyor, which is usually a chain-and-slat type with the lower end floating. The 

feeder conveyor moves the material upward to the cylinder-and-concave 

assembly, where it is threshed. When the concave is of the open-grate type, a 

high percentage of the threshed seed, as well as a considerable amount of 

chaff and small debris, is separated from the straw through the openings in 

the concave grate, falling directly onto the oscillating grain pan or some 

other type of conveyor (e.g., a group of parallel augers in troughs or a chain- 
and-slat conveyor). 

The transition grate guides the material from the concave rearward to the 

straw carrier and provides additional separating area. The transition grate 

usually has either parallel fingers (rods) or a grid-type arrangement with 

cross bars. The cylinder beater helps strip the material from the cylinder, 

propels it along the transition grate, aids in further seed separation at this 

point, and directs the straw and unseparated seed onto the straw carrier. The 

straw carrier on a conventional combine may be multiple-section walkers, a 

one-piece oscillating rack, or a raddle conveyor preceding straw walkers. 
One or two check flaps or curtains, suspended above the walkers or rack, 

retard the straw flow and assist in maintaining a uniform layer thickness. 

The front flap aids the beater in getting the material down onto the front of 

the walkers or rack for maximum utilization of the separation area. The 

flaps also prevent seeds from being thrown out the rear by the beater. 

The straw walkers or straw rack agitate the material to separate out 

remaining seed and unthreshed heads as the straw is moved rearward to be 

discharged from the machine. The seed, chaff, and other small debris that 

fall through the openings in the walkers or rack are collected by grain return 

pans attached to the walker sections or by some other type of conveyor. This 

material is delivered to the grain pan, joining the stream of material that has 

passed through the openings in the concave grate. 

The mixture of threshed seed, unthreshed material, chaff, and other debris 

is transferred from the grain pan onto the front of the oscillating chaffer 

sieve. As the mixture moves rearward over the chaffer sieve, an air blast 

directed upward through the sieve aids in separating out the free (threshed) 

seed and unthreshed heads and blows the light chaff out the rear of the 

machine. Most of the unthreshed heads ride over the chaffer sieve and drop 

through the larger openings of the chaffer extension into the tailings auger. 

Heads or pieces that pass through the chaffer sieve are delivered to the tail¬ 

ings auger by the cleaning sieve. The tailings are returned to the cylinder for 

rethreshing or sometimes, if the seed is easily damaged, to a point just 

behind the cylinder. Some combines have a miniature rasp-bar cylinder to 

rethresh the tailings, after which they are returned to the grain pan in front 
of the chaffer sieve. 
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The free seed and some debris fall through the chaffer sieve onto the 

cleaning sieve, which has smaller openings than the chaffer sieve. The seed 

passes through the cleaning sieve and is delivered to the grain tank by means 

of a clean-grain auger and elevator. 

A somewhat different arrangement of threshing and separating units is 

shown in Fig. 17.2. The threshing cylinder and concave are located in the 

Fig. 17.2. Cutaway view of a combine having the cylinder in the feeder housing and a raddle- 

type front straw separator. Note the precleaning fan just below the raddle conveyor. (Courtesy 

of Allis-Chalmers.) 

header feeder housing and the concave is of the closed type (i.e., no openings 

through the concave). All the seed remains with the straw until the material 

is discharged above the raddle conveyor, which is the front part of the straw 

carrier and separator. The seed tends to fall out of the suspended straw onto 
the conveyor. 

Figure 17.3 shows a combine in which the conventional cross-flow 

threshing cylinder and the straw walkers have been replaced with two in¬ 

dependent, parallel rotors, each of which performs the threshing operation 

and most of the separating operation.43 The incoming material is divided be¬ 

tween the two rotors and fed into the threshing units by the auger sections on 

the front portions of the rotors. The adjacent surfaces of the rotors move 

downward. Each stream of material moves along the rotor in a helical path, 
passing first the rasp-bar threshing unit and then the separating grate 

beneath the rear portion of the rotor. Angled fins attached to the inside of 

the upper portion of the rotor housing (not shown in Fig. 17.3) cause the 

rotating material to move rearward. Both rotors discharge the material onto 

a transverse rear beater that moves the material over another separator 

grate and then discharges the straw from the machine. The cleaning shoe is 

similar to that on conventional combines. This machine first became com- 
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Fig. 17.3. Cutaway view of a combine having two independent, axial-flow rotors that perform 

the threshing and separating operations as the material moves along them in helical paths. The 

stream of incoming material is divided between the two rotors. (Courtesy of Sperry New 

Holland.) 

mercially available in 1975. Single-rotor machines became available in 1977. 

17.5. Definitions and Terminology. Because of some lack of consistency in 

terminology in published literature and general usage, it seems desirable to 

define certain terms that are used in this book. The terms grain and seed are 

used interchangeably in this chapter to represent kernels or seeds from all 

crops harvested with combines. Types of seed losses are identified in Section 

17.6. Other pertinent definitions are as follows:* 

Non-grain material includes all plant material entering the combine ex¬ 

cept the grain or seed. 
Grain/non-grain ratio is the ratio of grain or seed mass to the mass of 

non-grain material. Unless stated otherwise (e.g., walker grain/non-grain 

ratio), the ratio refers to material entering the machine. 

Non-grain feed rate is the rate at which non-grain material is delivered to 

the cylinder by the header. Walker non-grain feed rate and shoe non-grain 

feed rate apply to non-grain material fed onto these components. 

Grain feed rate is the rate at which grain or seed is delivered to the cylin¬ 

der by the header. It is the sum of the grain into the grain tank plus the losses 

from the rear of the machine, per unit of time. 
Total feed rate is the sum of the non-grain feed rate and the grain feed 

rate. 

Terminology in this chapter generally follows the recommendations in ASAE Standard 

S343 (adopted in 1971) except that (a) “non-grain material” and derivatives from it are used in¬ 

stead of “material other than grain” and (b) “grain/non-grain ratio” is the reciprocal of the 

term “material-other-than-grain to grain ratio” in S343. Most literature published prior to 

1971 used “grain/straw ratio.” 
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17.6. Types and Sources of Seed Losses. Seed losses from a combine can 

occur in connection with any of the four basic operations listed in Section 

17.4. These losses are often identified as gathering, cylinder, walker, and 

shoe losses. The sum of the cylinder, walker, and shoe losses is the process¬ 
ing loss. 

Gathering losses in direct combining include heads, pods, or ears, and free 

seed, lost during the cutting and conveying operations. In windrow combin¬ 

ing, total gathering losses for the harvest system include windrower losses as 

well as combine gathering losses in the pickup and conveying operations. 

Cylinder loss consists of unthreshed seed discharged from the rear of the 

machine, either in the straw or in the material from the cleaning shoe. 

Walker loss is free (threshed) seed carried over the walkers or rack (or other 

type of separating unit) in the straw and discharged from the machine. Shoe 

loss is free seed discharged over the rear of the shoe. 

Cylinder, walker, and shoe losses are expressed as percentages of the grain 

feed rate or grain intake. Gathering loss is expressed as a percentage of the 

sum of the grain feed rate plus the gathering-loss rate. 

Seed damage does not represent a direct loss of yield, except for seeds 

broken into pieces too small for recovery, but it may reduce the quality and 

value of the product, depending upon the intended use for the seed or grain. 

Thus, cracked kernels do not reduce the feeding quality of grain but are un¬ 

desirable in malting barley or in rice that is to be milled. Seed damage, as it 

affects germination, is an important consideration when the harvested 

product is intended for planting. With some kinds of seed, such as lima 

beans, germination may be reduced by internal damage even though there is 
no visible evidence of damage. 

17.7. Size Relations for Functional Components. The relative magnitudes 

of the different kinds of seed losses from a given combine depend upon the 

kind of crop and the harvest conditions. The engineer is faced with a com¬ 

promise situation in determining the most desirable and economical com¬ 

bination of capacities for the different functional units in a multi-crop har¬ 

vester. Header-width requirements are related to the capacities of the 

threshing, separating, and cleaning units, to crop yields, and to the ap¬ 

propriate range of forward speeds. To accommodate a range of anticipated 

crop conditions, various sizes of headers are available for most self- 
propelled models. 

Size relations for 1977 models of self-propelled combines manufactured in 

the United States are summarized in Table 17.1 for four cylinder-width 

ranges. Cylinder width is a commonly used parameter of combine size. 

ASAE Standard S343 specifies methods for making various size measure¬ 
ments and for computing separating and cleaning areas. 

In most combines the width of the separating and cleaning units is essen¬ 

tially the same as the cylinder width. Therefore, the areas given in Table 17.1 
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Table 17.1 SELF-PROPELLED COMBINE SIZES AND AREAS, 1977* 

Cylinder Width 

Header Width, 

Metres [Feet] 
Average Area, cm2 per 

Millimetre of Cyl. Width 

[ in.2 per Inch of Width ] Millimetres Inches Avg. Min. 

Listed 

Avg. Max. 

Listed Range Avg. Range Avg. Walkers]- Shoe Sieves 

685-840 757 27-33 29.8 3.35 [11.0] 4.51 [14.8] 30.2 [119] 22.1 [87] 
915-1015 983 36-40 38.7 3.87 [12.7] 6.16 [20.2] 30.5 [120] 23.6 [93] 

1120-1320 1212 44-52 47.7 4.02 [13.2] 6.95 [22.8] 36.3 [143] 25.4 [100] 
1395-1525 1461 55-60 57.5 3.96 [13.0] 7.32 [24.0] 34.5 [136] 25.9 [102] 

* Based on data from Implement & Tractor Red Book, Jan. 31, 1977. Numbers of models 

listed in the four cylinder size groups, from top to bottom: 4, 9, 15, 2. 

■(’Excluding models that have raddle-type separator preceding short straw walkers. 

tend to indicate the relative lengths of the separating and cleaning units for 

the different size groups. The two largest groups have a little more 

separating and cleaning area per unit of cylinder width than do the smaller 
groups. 

17.8. Cutting and Conveying. The cutting-and-conveying assembly, 
known as the header, includes the reel, the cutterbar, a platform or conveyor 

for receiving the cut material, and conveyors for delivering the material to 

the cylinder. The header is attached through a lateral hinge axis and is ad¬ 

justable from the operator’s station to obtain heights of cut ranging from 

about 5 cm up to at least 100 cm [2 to 40 in.]. The grain ordinarily is cut just 

low enough to recover all or nearly all of the heads. If the straw is to be 

saved, cutting may be at a lower height even though more material must be 

handled by the machine. 
The cutterbar is similar in construction to that of a mower-conditioner or 

a self-propelled windrower but sickle speeds are lower, generally being be¬ 

tween 400 and 550 cycles per minute. These sickle speeds are adequate for 

most combining but they result in considerable stalk deflection and slippage 

through the cutting unit when cutting an upright crop within a few cen¬ 

timetres of the ground at speeds above 4.8 to 6.4 km/h [3 to 4 mph]. In a 

crop like soybeans, the resulting stripping effect tends to increase shatter 

losses from the cutterbar.30 

Fixed-bat reels (Fig. 17.1 and 17.2) have 4 to 6 wood or metal bats mount¬ 

ed rigidly on radial arms. Pickup reels have spring teeth attached to slats 
that are maintained in parallel positions by an eccentric-and-spider arrange¬ 

ment as the reel rotates (Fig. 14.10 right). Tooth pitch is adjustable by 

rotating the eccentric guide. Fixed-bat reels are widely used because they are 

simpler and less expensive than pickup reels and work well in upright crops. 

Pickup reels are very effective in lifting lodged (down) crops ahead of the 

cutterbar and also work satisfactorily in upright crops. 
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The position of the reel with respect to the cutterbar is adjustable both 

vertically and horizontally. Hydraulic height adjustment, controllable from 

the operator’s station, is often provided. The height of a fixed-bat reel nor¬ 

mally should be such that the top edges of the bats, at the lowest point of 

their travel, are a little below the lowest heads of the uncut grain. In upright 
grain, the reel axis is usually 150 to 300 mm [6 to 12 in.] ahead of the cutter- 

bar. 

The ratio of reel peripheral speed to forward speed (reel speed index) 

should be 1.25 to 1.5 under most conditions in upright crops.20 Higher ratios 

may be more effective in laying the material back onto the header platform 

but tend to increase shatter losses. In California tests, for example, increas¬ 

ing the reel speed index from 1.5 to 2.8 increased barley shatter losses from 

3% to 6% of the yield.20 

When using a pickup reel in a badly lodged crop, the reel axis should be 

well ahead of the cutterbar (often 230 to 300 mm [9 to 12 in.]) and the teeth 

should clear the cutterbar by only 50 to 75 mm [2 to 3 in.]. Adjusting the slat 

pitch to point the teeth more rearward improves the lifting action. Low 

forward speeds and a lower reel speed index than for upright grain are ad¬ 

visable. Pickup reels are usually used in harvesting rice because this crop 

often lodges badly and the straw is generally wet and heavy. 

The reel speed needs to be easily adjustable to accommodate different 

crop conditions and to compensate for different forward speeds. Variable- 

speed V-belt or hydraulic-motor drives, controllable from the operator’s sta¬ 

tion, are often provided. Constant-ratio drives from the ground-drive system 
have been employed to a limited extent. 

An auger cross conveyor moves the material across the header to the 

feeder conveyor. A retracting-finger section, which is part of the auger tube, 

delivers the material to the feeder conveyor. Rice combines sometimes have 

a short draper between the cutterbar and the auger to provide more room on 

the platform for handling long straw, especially when lodged. The feeder 

conveyor is usually a chain-and-slat unit (Fig. 17.1), but is a retracting- 
finger cylinder in the arrangement shown in Fig. 17.2. 

17.9. Principles and Types of Threshing Mechanisms. Threshing may be 

accomplished by (a) impact of a fast-moving member upon the material, (b) 

rubbing, (c) squeezing pods, (d) a combination of two or more of these 

actions, or (e) some other method of applying the required forces. As an ex¬ 

ample under (e), laboratory tests have shown that wheat kernels can be 

removed from the heads by holding the stalks in a rotating clamp and apply¬ 
ing centrifugal force.29 

Many different types and configurations of threshing devices have been 

devised,13 but very few have reached the stage of even limited field use. The 

three types generally employed in present-day combines are cross-flow rasp- 
bar cylinders (Fig. 17.4c), axial-flow rasp-bar cylinders (Fig. 17.3), and 
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(«) (b) (c) 
Fig. 17.4. Two types of cylinders, showing the concave-and-grate assembly and a finger-type 

transition grate, (a) Spike-tooth cylinder. Note that the front and rear concave sections 

(removable) are each shown with two rows of teeth, whereas the middle section is blank (no 

teeth). Inset (b) shows the clearance relations between the teeth in the spike-tooth cylinder and 

those in the concave, (c) Cross-flow rasp-bar cylinder with open concave. 

spike-tooth cylinders (Fig. 17.4a). Spike-tooth cylinders were used almost 

exclusively in both combines and stationary threshers prior to about 1930, 

but most combines now produced have rasp-bar cylinders. Spike-tooth 

cylinders are still used to a limited extent, principally in rice and windrowed 

beans. 

Cross-flow rasp-bar cylinders and spike-tooth cylinders are available in¬ 

terchangeably on many combine models. Diameters are generally 480 to 600 

mm [19 to 23.6 in.], with 559 mm [22 in.] being the most prevalent. Widths 

in 1977 models ranged from 685 to 1525 mm [27 to 60 in.], as indicated in 

Table 17.1. Spring-tooth cylinders are sometimes employed on combines 

intended for harvesting edible beans and on peanut combines (Chapter 20). 

Most cross-flow rasp-bar cylinders have open-grate concaves with rec¬ 

tangular bars parallel to the cylinder axis, as shown in Fig. 17.4c. The 

clearance between the concave bars and the corrugated cylinder bars is ad¬ 

justable. High-speed motion pictures have shown that in cereals the main 
threshing effect results from the impact or shattering action of the cylinder 

bars hitting the heads at high speeds.2 Although rubbing undoubtedly con¬ 

tributes to the threshing action, the primary function of the concave appears 

to be holding or bringing the material into the cylinder-bar path for repeated 

impacts.2 
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Axial-flow (helical-flow) rasp-bar cylinders are similar to conventional 

cross-flow cylinders except for the number and arrangement of rasp bars on 

the rotor. Each of the 2 rotors shown in Fig. 17.3 has 2 pairs of rasp bars 

180° apart instead of 8 to 10 uniformly spaced bars. Another arrangement, 
on a single-rotor machine, has three equally spaced helical rasp bars (that 

move the material along the rotor) and a staggered arrangement of short, 

axial sections between the helical bars. The cylinder diameter on the double¬ 

rotor model shown in Fig. 17.3 is 432 mm [17 in.J. Single-rotor models 

available in 1977 had diameters of 610 and 762 mm [24 and 30 in.]. 

The open-grate concaves on axial-flow cylinders are of the same general 

type as those used with cross-flow rasp-bar cylinders and are adjustable in a 

similar manner to change cylinder-concave clearances. A major functional 

difference is that the material passes through the threshing zone between the 

axial-flow cylinder and concave several times as it moves rearward in a 

helical path, rather than making a single pass as with a cross-flow cylinder. 

The arrangement of a spike-tooth cylinder and concave is such that the 

cylinder teeth pass midway between staggered teeth on the concave, thus 
producing a combing action in addition to the high-speed impacts upon the 

heads. The concave assembly is adjusted laterally to give equal clearances on 

both sides of the cylinder teeth. The amount of radial overlap of the cylinder 
and concave teeth is adjustable. The lateral clearance is also changed slightly 

by this adjustment, since the teeth are tapered (Fig. 17.46). 

The teeth in the spike-tooth concave are mounted on perforated, 

removable sections, usually with two rows of teeth per section. The total 

number of rows of teeth needed in the concave (usually 2, 4, or 6) depends 

upon the crop and the threshing conditions. Perforated blank sections or 
grid-type grates are added to Fill the concave space. 

A spike-tooth cylinder has a more positive feeding action than a rasp-bar 

cylinder, does not plug as easily, and requires less power.17 Rasp-bar cylin¬ 

ders are readily adaptable to a wide variety of crop conditions, are easy to 

adjust and maintain, and are relatively simple and durable. A rasp-bar cylin¬ 

der with an open-grate concave has greater seed-separating capacity than a 
spike-tooth cylinder (discussed in Section 17.12). 

On some models, the cylinder rasp bars can be replaced with rubber-faced 

angle-iron bars and the concave fitted with steel-jacketed rubber bars. This 

arrangement is sometimes called an angle-bar cylinder. Rubber-covered flat 

bars have also been employed on cylinders and concaves for harvesting 

small-seed legumes such as crimson clover, giving less damage and less un¬ 

threshed loss than conventional cylinders.27 Rubber-covered bars wear con¬ 
siderably faster than steel bars. 

With some podded crops, a large part of the threshing can be done with a 

squeezing action, a rubbing action, or a combination of the two. Rubber- 

covered steel rolls have been used to a limited extent for threshing beans. An 
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experimental bean combine developed in 1937 at the California Agricultural 

Experiment Station7 had a series of 3 pairs of rubber-covered rolls, 

operating at peripheral speeds of 1.3 to 1.5 m/s [250 to 300 ft/min], instead 

of a conventional cylinder. Threshing in this machine was entirely due to 

squeezing and rubbing of the bean pods. Satisfactory threshing of lima beans 

was obtained without appreciable seed damage. 

A double-belt threshing unit was developed at the Oregon Agricultural 

Experiment Station in the late 1960s for harvesting easily damaged small- 

seed grasses and legumes. Two rough-surfaced belts traveling in the same 

direction at different speeds, with a small clearance between them, produce a 

rubbing and rolling action that threshes the seed. Belt backing plates are 

spring loaded. Laboratory tests with small quantities of soybeans have in¬ 

dicated that this crop also can be threshed effectively between two belts mov¬ 
ing at different speeds, with practically no damage to the seeds.48 

Several investigators have built and tested truncated-cone, rotary 

threshing units.10’28-49 One of these10 utilized centrifugal threshing and rub¬ 

bing principles. The others depended mainly on impact and rubbing. One of 

the objectives in these designs has been to obtain adequate seed separation 

with the threshing unit so no additional separating unit (e.g., walkers) would 
be needed. 

17.10. Performance Parameters for Threshing Cylinders. The primary 

performance parameters of a threshing unit are the percent of seed detached 

from the non-grain parts of the plant (threshing effectiveness) and the per¬ 

cent of seed that is damaged. Two additional parameters that are of impor¬ 

tance because they affect the performance of the separating and cleaning 

units are the percent of seed separated through the concave grate (separating 

efficiency) and the degree of breakup of the straw. Power requirement is not 

a functional performance parameter but is of concern in evaluating a 

threshing unit. Power requirements are discussed in Section 17.29. 

Most of the seed damage caused by a combine occurs in the threshing 

unit, primarily because of impact blows received during the threshing 

process. However, drag conveyors and close-fitting augers can cause damage 

to some types of seeds. Seed damage may be visible or it may be internal, the 

latter type being determinable only by germination tests or with special in¬ 

struments. As explained in Section 17.6, the significance of seed damage de¬ 

pends upon the intended use for the seed or grain. 

Maximum separation of threshed seed through the concave grate (and the 

transition grate) is important under the usual conditions for cereal grains in 

which walker losses represent an important or major portion of the total 

losses. Increasing the separation through the grates reduces the seed load 

onto the straw walkers or other type of separating unit, thereby usually 

reducing walker losses.20 Reducing the grate separation efficiency from 85% 

to 70% would double the seed load onto the walkers. When walker losses are 
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small, as with alfalfa and other small-seed crops under dry conditions, the 

amount of seed separation at the cylinder has little effect upon total losses. 

Excessive straw breakup makes seed separation more difficult and causes 

a greater percentage of the non-grain material to go onto the shoe, either 

through the concave and transition grates or through the walkers. Increased 

amounts of non-grain material onto the shoe may appreciably increase shoe 

losses. Walker losses, on the other hand, would tend to be reduced because 

of the slight reduction in rate of non-grain material onto them. 

17.11. Effects of Feeding Pattern upon Cylinder-and-Concave 
Performance. The orientation of the material as it enters a cross-flow cylin¬ 

der has considerable effect upon cylinder-and-concave performance. 

Feeding butts first in laboratory tests with wheat and barley2,15 resulted in 

cylinder losses at least twice as great as when fed heads first with the stalks 

parallel and the heads on top of the layer. The percentage of grain that failed 

to pass through the concave grate was also twice as high. A tangled pattern, 

simulating the effect of the header auger, gave about the same cylinder losses 

and separating efficiency as the heads-first feeding,15,33 with somewhat more 

uniform feeding and lower cylinder power requirements.15 Feeding heads 

first with the heads on the bottom of the layer was better than with the heads 

on top, but is difficult to do on a field machine.15 

17.12. Effects of Cylinder and Concave Design Factors upon Performance. 

Extensive laboratory tests were conducted by the National Institute of 

Agricultural Engineering (NIAE) in England to determine the effects of 

various design parameters and operating conditions upon the performance 

of cross-flow rasp-bar cylinders when threshing wheat or barley at grain 

moisture contents ranging from 14 to 26%.2,4,5 Cylinders were 610 mm [24 

in.] wide and had diameters ranging from 381 to 686 mm [15 to 27 in.]. Con¬ 

caves were of the open-grate type. Crop material was harvested with a grain 

binder when it reached the desired maturity and moisture content and was 

used within a few days. The material was fed into the cylinder by means of a 

15.2-m [50-ft] variable-speed conveyor belt. Percentages of unthreshed seed, 

broken seed, germination, seed separation through the concave grate, and 
broken straw were determined. 

In these tests, increasing the concave length increased the seed separation 

efficiency but at a diminishing rate. With wheat, for example, the first 169- 

mm [6.67-in.] section removed 52 to 58% of the grain and each successive 

169-mm section (up to a total tested length of 678 mm [26.7 in.]) removed 

about 40% of the grain onto that section. Increasing the concave length in¬ 

creased the straw breakup and tended to increase seed damage, especially 

with low moisture contents and high cylinder speeds. Under easy threshing 

conditions there was little advantage, in regard to cylinder loss, of using con¬ 
caves longer than 330 mm [13 in.]. But with more difficult conditions, in¬ 

creasing the length from 330 mm to 508 mm [20 in.] reduced the loss. 
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Operating with the concave openings omitted or covered could represent a 

design characteristic (as in Fig. 17.2) or it could represent a field adjustment. 

The effects of covering the openings in 356-mm-long [14-in.-long] concaves 

were determined in the NIAE tests4 when threshing wheat at 15% and 24% 

moisture. Cylinder peripheral speeds ranged from 18 to 33 m/s [3500 to 

6500 ft/min] and mean cylinder-concave clearances were 6 to 13 mm [14 to 

Vi in.]. Seed damage was substantially greater with the openings covered 

than with them open, but there was no appreciable effect upon cylinder loss 

or straw breakup. Covering the concave openings when harvesting barley in 

California tests more than doubled the walker loss.20 

Neal and Cooper34 compared a cross-flow rasp-bar cylinder and open- 

grate concave with a spike-tooth cylinder and concave in regard to seed 

separation through the concave grate, using rice in laboratory tests. At a 

non-grain feed rate of 90 kg/min [200 lb/min], approximately 72% of the 

grain was separated by the rasp-bar concave grate but only 50% by the spike- 

tooth grate. A spike-tooth concave grate inherently has considerably less 

open area than a rasp-bar grate. 

In the NIAE tests2 there was a tendency for improved separation of wheat 

(but not barley) when the cylinder diameter was reduced from 533 mm to 

381 mm [21 in. to 15 in.] but little effect above 533 mm. The concave length 

was 330 mm [13 in.]. Arnold concluded that cylinder diameter was not of 

major importance in regard to performance and that the diameter should be 

chosen to suit the desired concave length. Changing the peripheral spacing of 

rasp bars on the cylinder had little effect upon performance. 

17.13. Effects of Operating Conditions upon Cylinder Loss and Seed 

Damage. Threshing effectiveness is related to (a) the peripheral speed of the 

cylinder, (b) the cylinder-concave clearance, (c) the number of times the 

material passes the concave (e.g., helical-flow cylinder), (d) the number of 

rows of concave teeth used with a spike-tooth cylinder, (e) the type of crop, 

(f) the condition of the crop in terms of moisture content, maturity, etc., and 

(g) the rate at which material is fed into the machine. Covering the concave 

openings so the heads or pods must pass over all the concave bars may be 

helpful for crops that are difficult to thresh. But, as indicated in the previous 

section, covering the concave openings sometimes increases walker losses. 

Threshability varies widely with different crops and conditions. Some 

small-seed crops, such as the clovers, are very difficult to thresh, whereas 

barley and wheat are generally easy to thresh. Reducing the straw moisture 

content improves threshability.2 
Cylinder speed is the most important operating parameter in regard to 

cylinder loss and also in regard to seed damage. Increasing the speed reduces 

the cylinder loss but may substantially increase damage. Susceptibility to 

damage varies greatly among different crops. The seeds of some 

dicotyledonous plants, such as beans, may be damaged excessively at 
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peripheral speeds as low as 7.6 m/s [1500 ft/min],6 whereas Ladino clover 

can withstand speeds of over 36 m/s [7000 ft/min] without appreciable 

damage.11 
In general, seed damage increases as the seed moisture content is 

reduced.2’6’" Several investigators,2’3 however, have found that germination 

of wheat or oats was reduced when threshed at seed moisture contents 

above (or below) an optimum range of about 17 to 22%. A similar relation 

has been observed in regard to corn kernel crackage (Section 18.10). 

Figure 17.5 illustrates the effects of cylinder speed and moisture content 

upon cylinder loss and visible seed damage when threshing wheat in 

laboratory tests. Tests were conducted at 17.8, 22.9, 27.9, and 33.0 m/s 

[3500, 4500, 5500, and 6500 ft/min]. The “total” curves indicate that the 

total loss from unthreshed seed plus damaged seed would be minimized at a 

cylinder speed of about 23 m/s [4500 ft/min] for the low-moisture condi¬ 

tion and 26 m/s [5100 ft/min] for the 20%-moisture condition. However, in 

Fig. 17.5. Effect of cylinder speed upon seed damage and cylinder loss in laboratory tests with 

wheat, using a cross-flow rasp-bar cylinder. (Data from R.E. Arnold.2) 

determining the best cylinder speed for a field harvesting operation, the ef¬ 

fects of cylinder speed upon walker loss and shoe loss also need to be con¬ 

sidered. With some crops and under some conditions, high cylinder losses 

must be tolerated because a cylinder speed high enough to do a reasonably 

good threshing job will cause excessive seed damage.11,27 

When harvesting barley in California at 7 to 9% seed moisture content,20 

visible damage amounted to 5% at 19.3 m/s [3800 ft/min], 10% at 24.4 m/s 

[4800 ft/min], and 15 to 20% at 29.5 m/s [5800 ft/min]. Cylinder losses were 

l‘/2 to 2% at 19.3 m/s and negligible at the higher speeds. Visible-damage 
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percentages when harvesting barley at 12 to 15% moisture content in Min¬ 

nesota16 with a cross-flow rasp-bar cylinder and 10 to 13 mm [3/s to Vi in.] 

clearance were only one-third to one-half as great at 24.4 m/s and 29.5 m/s 

as in the California tests with drier grain. Low visible damage and high ger¬ 

mination are especially important for malting barley. 
Reducing the cylinder-concave clearance tends to reduce cylinder losses 

and increase seed damage, but the effects are generally rather small in com¬ 

parison with the effects of increasing cy'inder speed. In laboratory tests with 

wheat, for example,47 changing the cle irance from 19 mm to 6 mm [3A in. to 

Va in.] reduced the cylinder loss from 2.1% to 1.2% and increased visible 

damage from 5.4% to 7.8%. The Minnesota field tests16 with barley having 

12 to 15% moisture showed a moder~V increase in visible damage when the 

clearance was reduced. Results from me California field tests20 indicated no 

consistent relation between seed damage with barley at 7 to 9% moisture and 

clearances between 6 and 16 mm [Va and in.]. 
Arnold2 compared front/rear clearance ratios of 3 to 1 and 1 to 1 and 

found very little difference in cylinder loss, visible damage, or germination 

of barley or wheat for any given mean clearance. Front-to-rear clearance 

convergence is generally desirable because the wider front opening tends to 

improve feeding characteristics of a cylinder. 
Increasing the non-grain feed rate increases cylinder losses. Field tests 

have indicated that the relation is often about linear.11,20,35,36 Increased feed 
rate tends to reduce seed damage, although the effect is usually small.2,11,47 

The greater density of the layer of material passing between the cylinder and 

the concave bars at high feed rates apparently provides more protection for 

the seeds, thereby reducing the probability of repeated impacts by the cylin¬ 

der bars. 
Field tests with barley, wheat, oats, and rye have indicated that increasing 

the grain/non-grain ratio usually decreases the percent cylinder loss at a 

given non-grain feed rate.36 
17.14. Effects of Operating Conditions upon Straw Breakup and Seed 

Separation through Concave Grate. When harvesting cereal grains with com¬ 

bines having rasp-bar cylinders and open-grate concaves, 60 to 90% of the 

seed is usually separated through the concave grate.2,20,34,41 Increasing the 

cylinder speed or decreasing the clearance causes more seed to be forced 

through the grate, as indicated in Fig. 17.6, thereby reducing the amount of 

seed that must be handled by the walkers. Increasing the cylinder speed 

makes the layer of material between the cylinder and concave less dense, and 

decreasing the clearance makes it thinner. Increasing the feed rate makes the 

layer more dense and substantially reduces the amount of seed separation 

(Fig. 17.6). 
Arnold’s laboratory tests with barley and wheat2 confirmed the general 

relations shown in Fig. 17.6. He found a moderate increase of separation 
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Fig. 17.6. Effects of cylinder speed, clearance, and feed rate upon the separation of barley 

through the concave grate of a cross-flow rasp-bar cylinder on a 3.7-m [12-ft] self-propelled 

combine under dry conditions. (J.R. Goss, R.A. Kepner, and L.G. Jones.20) 

percentage (63 versus 68) when the moisture content of barley was reduced 

from 23% to 16%, but no consistent effect of moisture content with wheat in 

the range from 14 to 25%. In general, his separation percentages tended to 
be a little higher with wheat than with barley. 

Neal and Cooper34 found in laboratory tests with rice (which generally has 

tough, high-moisture straw) that the percentage separation through the con¬ 

cave grate with a cross-flow rasp-bar cylinder was reduced from 72% to 63% 
when the non-grain feed rate was doubled. 

Analysis of data obtained by Reed and his associates41 in laboratory tests 

with wheat having a straw moisture content of 9 to 10% indicated that in¬ 

creasing the grain/non-grain ratio from 0.70 to 1.00 had no effect upon the 

separating efficiency at a given non-grain feed rate. Separation decreased 

from 80% at a non-grain feed rate of 90 kg/min [200 lb/min] to 70% at 180 

kg/min [400 lb/min]. The cylinder width was 813 mm [32 in.]. Field tests 

with barley20 also showed no effect of grain/non-grain ratio upon concave- 
grate separating efficiency. 

The amount of straw breakup is influenced by the kind of crop and its 

maturity. Straw breakup increases as the material becomes drier and is in¬ 

creased if cylinder speed is increased. Reducing the cylinder-concave 

clearance generally has no great effect oq straw breakup. 

The percentage of non-grain material forced through the grate is in¬ 

creased if the cylinder speed is increased or the clearance reduced.20 The per¬ 

centage decreases slightly as the feed rate is increased.20’4' Increasing the 
grain/non-grain ratio from 0.70 to 1.00 in laboratory tests with wheat41 sub¬ 

stantially increased the percentage of non-grain material through the con- 
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cave grate at a given non-grain feed rate, reducing the walker non-grain feed 
rate by 7 to 9%. The increased separation probably occurred because of the 
higher percentage of chaffy material in the non-grain material that had the 
higher grain/non-grain ratio. 

17.15. Summary of Effects of Certain Factors upon Cylinder 
Performance. Wieneke50 developed a generalized graphical representation of 
the performance characteristics of a rasp-bar cylinder with open-grate con¬ 
cave, based upon the NIAE results cited above and upon similar research in 
Germany. His qualitative relations are shown in Fig. 17.7 for six of the fac¬ 
tors discussed in the preceding sections. 

Cyl.-concave clearance 

Fig. 17.7. Graphical characterization of some of the performance relations for a rasp-bar cylin¬ 

der with an open-grate concave. L = cylinder loss, D = grain damage, and S = percent of grain 

separated through concave grate. (F. Wieneke.50) 

17.16. Cylinder Adjustment. Cylinder speed and clearance should be easy 
to adjust. The requirements vary with different crops and often change dur¬ 
ing the day as weather conditions change. Cylinder speed may need to be 
higher (or the clearance smaller) in the morning than in the late afternoon. 
Cylinder speeds generally are changed either by means of variable-speed V- 
belt drives controllable from the operator’s station or by changing sprockets 

on a roller-chain drive. 
On a few current models, clearance is adjusted by raising or lowering the 

cylinder. Most combines, however, have provision for moving the concave 
by means of a crank or a lever at the operator’s station. The arrangement 
usually is such that both the front and rear clearances are changed 
simultaneously but with less change at the rear than at the front. This rela¬ 
tion automatically provides greater clearance at the front than at the rear. 

It should be evident from the preceding discussion that several important 
factors must be considered in selecting the best cylinder speed and, to a 
lesser extent, the most appropriate clearance for a particular situation. 
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Table 17.2 TYPICAL CYLINDER PERIPHERAL SPEEDS 

AND CLEARANCES FOR VARIOUS CROPS 

Crop 

Peripheral Speed 

(Rasp-bar or Spike-tooth) 

Mean Clearance for 

Rasp-bar Cylinder* 

m/s ft/min Millimetres Inches 

Alfalfa 23-30 4500-6000$ 3-10 Vs-¥s 

Barley 23-28 4500-5500 6-13 14- Vi 

Beans, edible 8-15 1500-3000 8-19 5/l6-% 

Beans for seed§ 5- 8 1000-1500 8-19 5/l6-% 

Clovers 25-33 5000-6500 1.5-6 '/l6-'/4 

Corn, field 13-20 2500-4000 22-29 %-l'/8 

Flax 20-30 4000-6000$ 3-13 Vs-'A 

Grain sorghum 20-25 4000-5000 6-13 14-1/2 

Oats 25-30 5000-6000 5-13 3/l6-'/2 
Peas 10-15 2000-3000 8-19 5/l6-3/4 

Rice 23-28 4500-5500 5-10 3/,6-% 

Rye 25-30 5000-6000 5-13 3/l6-'/2 

Soybeans 15-20 3000-4000 10-19 3/8-3/4 

Wheat 25-30 5000-6000 5-13 3/l6-*/2 

*Front clearance usually should be somewhat greater than rear clearance, 

fin dry climates, speeds must be kept below 25.5 m/s [5000 ft/min] to avoid excessive seed 
damage." 

§Based on data in reference 6. 

Jin dry climates, some varieties require speeds of only 12.5 to 20.5 m/s [2500 to 4000 
ft/min]. 

Typical ranges of peripheral speeds and clearances for various crops are in¬ 

dicated in Table 17.2. These are based upon research results and a summary 

of recommendations found in operator’s manuals published by various 

manufacturers. The effect of cylinder diameter is eliminated by considering 

peripheral speeds rather than rotational speeds (r/min). Because of the 

multiple-pass feature of axial-flow cylinders, peripheral speeds can be 

somewhat lower and clearances a little greater than shown in Table 17.2 for 

cross-flow cylinders, both factors tending to reduce seed damage.43 

17.17. Separating. As indicated in the preceding discussion, the major 

portion of the seed is separated from the straw at the cylinder when the com¬ 

bine is equipped with a rasp-bar cylinder and has an open-grate concave. 

Lesser amounts are separated through a spike-tooth concave grate. The first 
stage of separation in the arrangement shown in Fig. 17.2 is accomplished 

with the raddle conveyor. Concave-grate areas in 1977 models were 
generally 6 to 16% of the straw-walker areas. 

The remaining seed and unthreshed heads or pods, as well as considerable 

amounts of chaff and other small debris, are usually separated by means of 

multiple-section straw walkers. One-piece, oscillating straw racks were often 

employed in the past on the smaller pull-type combines but there is little or 
no use of them in current models. 



GRAIN AND SEED HARVESTING 411 

A walker-type separating unit has 3 to 6 side-by-side sections, each 203 to 

305 mm [8 to 12 in.] wide. The sections are attached to a multiple-throw 

crankshaft near the front and another near the rear. The action of the straw 

walkers accelerates the material in a rearward and upward direction during 

a portion of each cycle. This action, with the aid of saw-tooth fins (Fig. 17.2) 

conveys the straw toward the rear of the machine as it is agitated. 

Seed that passes through the openings in the straw walkers is conveyed 

forward and deposited on the grain pan or the front of the shoe. Some com¬ 

bines have trough-like bottoms attached to the individual walker sections, 

sloped downward toward the front, to perform the conveying operation. 

One-piece, oscillating grain-return pans beneath the walkers are also em¬ 

ployed. Another arrangement has a group of parallel augers in troughs that 

cover the full width beneath the walkers. 

Most straw walkers have crank throws* of about 102 mm [4 in.] and 

crank speeds of 185 to 225 r/min. One manufacturer uses a 152-mm [6-in.] 

throw at 157 r/min. Reference 24 states that the crank speed should be 

determined from the relation ru2 = 2g, where r = crank radius, u = crank 

speed, in radians per second, and g = acceleration of gravity. Under these 

conditions the magnitude of the centrifugal force is twice the force of 

gravity, which makes the net upward force at the top of the travel equal to 

—g. Speeds calculated from this relation are 188 r/min for a 102-mm [4-in.] 

throw and 153 r/min for a 152-mm [6-in.] throw — slightly lower than 

speeds indicated above as being commonly used on combines. 

The possibilities of utilizing rotary separation devices instead of straw 

walkers have been under consideration for many years.23,46 Combine models 

having 2 distinctly different types of rotary separation devices became com¬ 

mercially available in the mid 1970s. One of these (Fig. 17.3) has stationary 

grates and one or more vaned rotors that operate at rather high speeds 

because they are axial extensions of the rasp-bar threshing units. The crop 

material rubs against the separating grates as it is rotated and moved 

rearward. Centrifugal force causes the seeds to move outward through the 

straw and the grate openings. The magnitude of the centrifugal force acting 

upon the material is in the order of 200 times the force of gravity when the 

peripheral speed of the 432-mm-diameter [17-in.-diameter] rotors in Fig. 

17.3 is 23 m/s [4500 ft/min] (a typical cylinder peripheral speed for cereal 

grains). 
The other model has a rotating perforated drum into which the material is 

fed from a conventional rasp-bar cylinder. The drum axis is essentially 

horizontal, the diameter is 1.68 m [66 in.], the length is 2.74 m [9 ft], the 

diameter of the perforations is 13 mm [V2 in.], and the rotational speed is ap¬ 

proximately 34 r/min. A parallel auger (about 229 mm [9 in.] in diameter), 

located close to the inner surface of the drum near the top, strips the grain- 

*Crank throw is the diameter of the crank circle. 
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straw mixture from the drum surface and, with the assistance of a blower, 

gradually moves the material toward the discharge end. After the stripped 

material has passed below the auger, centrifugal force throws most of it out 

against the drum again. The magnitude of the centrifugal force at the drum 

periphery is approximately 1.07 times the force of gravity. 

The grain-and-chaff mixture that passes through the drum perforations is 

conveyed to the front of the machine by a group of parallel augers. There it 

is fed onto a conventional cleaning shoe, along with material that has been 

separated through the concave grate. Performance curves published by the 

manufacturer indicate that, at high feed rates with wheat, drum separation 

losses are considerably less than walker losses from a comparable-sized con¬ 

ventional combine. 
17.18. Straw-Walker Performance. The major performance parameter of 

straw walkers and other separating devices is the percentage of seed and un¬ 

threshed heads or pods separated from the straw and chaff. However, the 

percentage of non-grain material that passes through the walkers is also of 

concern, since this material contributes to the shoe load. Both factors are af¬ 

fected by the kind and condition of the crop and by walker design. Walker 

losses generally account for the major portion of total losses with cereal 

grains35 but may be negligible in small-seed crops such as alfalfa." Non¬ 

grain feed rate and grain/non-grain ratio are the major factors affecting 

walker losses with a given crop. 

A comprehensive series of tests was conducted at the University of 

Saskatchewan40-41 to determine the effects of walker crank speed, crank 

throw, grain/non-grain ratio, feed rate, and other factors upon the efficiency 

of grain separation with straw walkers. A complete straw-walker assembly, 

having 4 sections 203 mm [8 in.] wide and 2.44 m [96 in.] long, was fed by a 

rasp-bar cylinder in the same manner as in a conventional combine. 

Material harvested with a grain binder was fed into the cylinder on a con¬ 

veyor belt, after having been stored and conditioned to obtain the desired 

straw moisture content. All of the Saskatchewan tests discussed in this sec¬ 

tion were with wheat having a straw moisture content of 9 to 10%. 

Tests were conducted with a 102-mm [4-in.] crank throw and a 152-mm 

[6-in.] crank throw, each at three different crank speeds. Walker losses at 

three total feed rates, scaled from graphs in reference 40, were as follows: 

Total feed rate, kg/min 136 227 318 

[Ib/min] [300] [500] [700] 

Percent walker loss with 102-mm [4-in.] throw 

150 r/min 

200 r/min 

250 r/min 

2 

2 

11 
6 
8 

34 

18 

17 

Percent walker loss with 152-mm [6-in.] throw 

130 r/min 

150 r/min 

170 r/min 

2 
2 
6 

8 
14 

8 17 

14 

24 
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Note that lowest losses were at 200 r/min with the 102-mm throw and at 150 
r/min with the 152-mm throw. These results for the two throws are not 

directly comparable because two different types of walkers were used. 

However, a series of comparative tests was conducted at total feed rates 

from 45 to 320 kg/min [100 to 710 lb/min], using the same walkers for both 

throws. Losses were about the same with the 102-mm crank throw at 200 

r/min and the 152-mm crank throw at 150 r/min, but a heavier check cur¬ 

tain was needed with the 152-mm throw to obtain acceptable performance. 

Field tests with various crops in Germany,24 laboratory tests in Russia,9 

and general experience have also indicated that when the crank throw is 102 

mm [4 in.] speeds of about 200 r/min give minimum walker losses with most 

seed crops. In general, excessive crank speeds may increase walker losses 

because the more rapid conveying reduces the time available for separation. 

Low speeds may hinder separation because of the thicker straw layer and 

may cause poor feeding. 
The effects of grain/non-grain ratio were determined in the Saskatchewan 

studies41 by making a series of runs at various feed rates for each of the 

following conditions. 

1. Regular-length material (about 64 cm [25 in.]); grain/non-grain ratio 

into cylinder = 0.70. 
2. Straw shortened to increase grain/non-grain ratio to 1.04. 

3. Grain and chaff added to regular-length material to obtain grain/non- 

grain ratio of 0.97. (This might represent the effect of tailings recir¬ 

culation.) 

The walker crank throw was 102 mm [4 in.] and the crank speed was 210 

r/min. 

Figure 17.8 shows the effects of both grain/non-grain ratio and feed rate 

upon grain loss (wheat), based on the grain and non-grain feed rates onto the 

walkers. These graphs were obtained from analysis of data presented in 

reference 41. Grain/non-grain ratios onto the walkers (tabulated on the 

graph) were influenced by the amounts of grain and non-grain material 

separated through the concave grate. Note that losses increased rapidly at 

walker non-grain feed rates above 90 kg/min [200 lb/min]. 

The right-hand graph shows that the percentage grain loss at a given feed 

rate was reduced when the grain/non-grain ratio was increased by either 

■ method, but with slightly less reduction when the straw was shortened. The 

left-hand graph shows that adding grain to regular-length straw (thereby in¬ 

creasing the amount of grain onto the walkers at a given walker non-grain 

feed rate by about 60%) had no effect upon the amount of grain not 

separated. 
The effects of grain/non-grain ratio upon the combined performance of 

the cylinder-and-concave assembly and the walkers in the above tests, at a 
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0 45 90 135 180 0 45 90 135 180 
Non-grain feed rate onto walkers , kg/min 

Fig. 17.8. Effect of grain/non-grain ratio and walker non-grain feed rate upon walker seed loss 

in laboratory tests with wheat having a straw moisture content of 9 to 10%. Walkers were fed by 

a rasp-bar cylinder. (Data from W.B. Reed, G.C. Zoerb, and F.W. Bigsby.41) 

non-grain feed rate of 136 kg/min [300 lb/min] into the cylinder, are in¬ 

dicated in the following table. 

Regular- 

Grain 

and Straw 

length chaff short- 

material added ened 

Grain/non-grain ratio into cylinder 0.70 0.97 1.04 
Walker non-grain feed rate 

kg/min 116 104 107 
[lb/min] [255] [230] [235] 

Grain not separated by walkers 

kg/min 1.35 0.7 1.2 
[lb/min] [3.0] [1.5] [2.6] 

Walker loss, percent of grain into 

cylinder 1.4 0.5 0.8 

Note that increasing the amount of grain with a given non-grain feed rate 

into the cylinder (higher grain/non-grain ratio) reduced the kilograms per 

minute of grain lost over the walkers. This reduction was partly due to a 

greater percentage of the non-grain material passing through the concave 
grate. 

Nyborg and his associates36 analyzed results from numerous field tests in 

Saskatchewan. They found that an increase in the grain/non-grain ratio into 

the machine reduced walker losses (percent) at a given non-grain feed rate in 

all cases with wheat or rye and in most cases with barley or oats, but oc¬ 

casionally increased the losses with barley or oats. Walker losses in wheat, at 

a given non-grain feed rate, were reduced by about half in one comparison 

when the grain/non-grain ratio was increased from 0.84 to 1.04.35 
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Goss and his associates,20 in harvesting dry barley, increased the 

grain/non-grain ratio into the machine from 1.07 to 1.70 by cutting higher. 

The percentage of grain separated through the concave grate remained 

about the same but the percentage of non-grain material carried over the 

walkers was reduced to the extent that the walker grain/non-grain ratio was 

about doubled. There was little change in walker loss (percent of grain in¬ 

take) at a given non-grain feed rate into the machine, but the loss at a given 

walker non-grain feed rate was increased. 
17.19. Effect of Walker Length upon Separation. The amount of wheat 

separated through each 305-mm [1-ft] increment of walker length was deter¬ 

mined in the laboratory tests described in the preceding section.41 The results 

indicated that the amount of seed not separated at any point along the 

walker length can be determined from the relation 

Rl = e~bL (17.1) 

where L = 

Rl = 

b = 

distance along the walkers from the effective point of delivery 

of material onto the walkers 
decimal fraction of the seed onto the walkers that is not 

separated at distance L 
constant (function of feed rate, grain/non-grain ratio, crop 

variety and condition, walker design, etc.) 

base of natural logarithms 

According to equation 17.1, if the walker is divided into uniform length in¬ 

crements the amount of seed separated in any increment is a constant per¬ 

centage of the amount of seed onto that increment. The experimental results 

indicated that in these tests the effective delivery point onto the walkers 

(zero reference for L) was 150 to 230 mm [6 to 9 in.] from the front end of 

the walkers. If the walker loss for a given crop condition and feed rate, and 

the seed rate onto the walkers, are known, these values and the known effec¬ 

tive walker length can be used to determine b for these operating conditions. 

The walker length required to reduce the loss to some other percentage can 

then be predicted from equation 17.1. 
For example, assume the loss is 15% of the seed onto the walkers when L 

- 2.4 m (i.e., R2.4 = 0.15), and that the desired loss is 5% of the seed onto 
the walkers. If 70% of the grain is separated through the concave grate, these 

losses represent 4.5% and 1.5% of the seed into the machine. From equation 

17.1, b = - (In Rl)/L = - (in 0.15)/2.4 = 0.791. The required length to 

make RL = 0.05 is then 

L = - ln °—5 = 3.79 m 
0.791 
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The new length represents an increase of 58%. The increase in width re¬ 

quired to produce the same effect upon loss can be estimated by referring to 

the solid curve in Fig. 17.8 right. Indicated walker non-grain feed rates for 

losses of 15% and 5% are 145 and 109 kg/min [320 and 240 lb/min], respec¬ 

tively. The width would need to be increased by one-third to reduce the load 

per unit width by the ratio, 109/145. Thus, a 33% increase in width would 

have the same effect upon capacity as a 58% increase in length. Capacity can 

be increased more efficiently by increasing the width than by increasing the 

length. 
17.20. The Cleaning Shoe. The functions of the cleaning shoe are to 

separate the threshed seed from the chaff and other plant residues that have 

passed through the openings in the concave grate, transition grate, and straw 

walkers or other separating unit; return unthreshed or partially threshed 

heads or pods to the cylinder; and dispose of the unwanted material. 

The most common shoe arrangement has two sieves, as shown in Fig. 

17.1. The chaffer (upper) sieve is usually adjustable. A common type is il¬ 

lustrated in Fig. 17.9. The pivot rods are linked together so they can all be 

rotated simultaneously to increase or decrease the size of the openings. 

Longitudinal ribs 230 to 355 mm [9 to 14 in.] apart provide intermediate 

support for the cross members and assist in maintaining uniformity of 

lateral distribution of the material on the sieve. 

Fig. 17.9. Partial views of an adjustable-lip chaffer sieve. 

The cleaning (lower) sieve separates the seed from short pieces of straw 

and other debris that have passed through the chaffer sieve with the seed. 

Cleaning sieves are usually of the adjustable-lip type, similar to the chaffer 

sieve shown in Fig. 17.9, but with smaller lips and openings. Round-hole 

sieves, however, are preferable for harvesting small-seed crops such as 

alfalfa, clover, and grasses, and sieves with elongated holes are occasionally 
used for other crops. 
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The chaffer sieve and shoe sieve are oscillated either together or in opposi¬ 

tion. Opposed motions reduce the tendency for straws to stick in the chaffer 

openings. The sieves are held in a frame or frames supported by rocker arms 

oriented to give a moderate upward component on the rearward stroke. Os¬ 

cillating frequencies are generally 250 to 325 cycles per minute. Areas of the 

chaffer sieve plus the chaffer extension on 1977 models with 2-sieve shoes 

averaged 11.4 to 14.7 cm2 per millimetre of cylinder width [45 to 58 in.2/in.] 

for the 4 size groups shown in Table 17.1. These values indicate relative in¬ 

creases in sieve lengths as the size of combines is increased. Cleaning-sieve 

areas averaged about 11 cm2 per millimetre of cylinder width [43 in.2/in.], 

with only a slight increase as cylinder width increases. As with straw 

walkers, increasing sieve width for the larger machines is a more effective 

way of obtaining greater capacity than is increasing the length. 
Paddle-type centrifugal fans, with inlets at each side and extending across 

most or all of the shoe width, are generally employed. One or two adjustable 

wind deflectors are sometimes placed in the discharge duct (Fig. 17.1). Air 

volume is usually controlled by changing the fan speed with a variable-speed 

V-belt drive. Wide shoes pose a problem in obtaining uniform lateral air dis¬ 

tribution with a two-inlet fan. For this reason, some of the larger combines 

are equipped with cross-flow (transverse-flow) fans. This type of fan38 draws 

air in over the full width of the rotor (through an inlet parallel with the axis) 

and discharges it with little or no axial flow. Thus, width is not a limiting 

factor in regard to obtaining uniform lateral distribution. Another system 

for wide combines has a conventional blower at a remote location, such as 

alongside the separator housing. The air is ducted to the shoe, and guide 

vanes are used to obtain uniform distribution. 
17.21. Shoe Operating Conditions. The cleaning shoe must be able to con¬ 

tend with a wide variety of operating conditions. The quantity and nature of 

the material that must be processed by the shoe is influenced by the perfor¬ 
mances of the cylinder-and-concave assembly and the straw separator, as 

well as by crop characteristics and condition. 
The amount of non-grain material that the shoe must handle may be as lit¬ 

tle as 5 to 10% of the total intake of non-grain material under some 

conditions,14’25’32 or it may be 50% or more with chaffy crops under dry 

conditions.11’14’32 More than half of this material generally comes through 

the rasp-bar concave grate.14 The percentage of non-grain material that goes 

onto the shoe generally decreases as the feed rate is increased.14’20 

Grain/non-grain ratios for the material onto the shoe are directly related 

to the percentage of the non-grain material that goes onto the shoe, since the 

shoe handles all the grain intake except walker losses. Seed recirculated with 

the tailings increases the ratio. Net ratios for wheat and barley (not in¬ 

cluding recirculated tailings) may range from 10 to 15 when harvested at 

moisture contents of 15 to 20%, down to 2 or less for low-moisture grain.14 
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17.22. Shoe Separation Principles. Three types of separation occur in the 

shoe, namely, aerodynamic, mechanical (by agitation or sifting), and a com¬ 

bination of aerodynamic and mechanical. Aerodynamic separation depends 

upon the existence of a differential between the suspension velocities* of the 

components to be separated. Suspension velocities reported by Cooper,14 

from several sources, range from 5.1 to 9.7 m/s [1000 to 1900 ft/min] for 

kernels of wheat, oats, and barley, from 2.0 to 6.1 m/s [400 to 1200 ft/min] 

for short pieces of straw (up to 18 cm [7 in.] long), and from 1.5 to 2.5 m/s 

[300 to 500 ft/min] for chaff. Small seeds have lower suspension velocities 

than large ones. 
Nearly complete aerodynamic separation for some crops can be obtained 

in the laboratory with vertical air streams. But the air flow through the chaf¬ 

fer sieve usually is at an angle less than 45° above horizontal, so only the 

lightest materials can be separated entirely by aerodynamic action. Particles 

with intermediate suspension velocities, mainly straw, may be removed by a 

combination of aerodynamic and mechanical actions — partly floated and 

partly propelled mechanically along the sieve. 

Separation at low feed rates with cereal grains and large-seed crops is 

primarily aerodynamic, and shoe losses are usually small. As the non-grain 

feed rate is increased beyond a transition zone, the action becomes less 

aerodynamic and more mechanical, causing shoe losses to increase rapidly 

at high feed rates.31 

Most combines drop the material onto the front of the chaffer sieve 

through and over parallel-rod fingers that tend to break up bunches. The 

fingers are attached to the rear of the grain pan or to the front of the shoe. A 

portion of the air stream is sometimes directed through the falling material. 

This air stream provides initial separation of much of the chaff and increases 

the dispersion of the material onto the sieve. These actions leave the blanket 

of material more open so the seeds can more readily escape downward 

through the material. If air is not blown through a falling stream, the 

velocity of the air directed to the front of the sieve should be great enough to 

penetrate and loosen the mat. A diminishing velocity profile from front to 

rear is generally desirable. 

The shoe arrangement shown in Fig. 17.10 provides three drops through 

air streams. The triple-sieve shoe was developed primarily to cope with the 

heavy loads of chaff and short straw encountered in some crop conditions in 

the western states.19 Field tests showed increased shoe capacity in dry barley 

and wheat as compared with a conventional two-sieve shoe. No differences 
between the two types of shoes were observed in soybeans, corn, or non- 

irrigated wheat because shoe loads are normally low and matting is not a 
problem.19 

*The suspension velocity is the air velocity required to support the pieces of material against 

the action of gravity in a .vertical air stream. 
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Fig. 17.10. Schematic arrangement of a three-sieve shoe with three material drops through air 

streams. 

The combine that has the rotary-drum separator (Section 17.17) drops the 

grain-and-chaff mixture through an aspirator that aerodynamically removes 

much of the chaff before the mixture is fed onto the cleaning shoe. A blower 

draws air in and upward through the separation zone and then discharges the 

mixture of air and chaff at the rear of the machine. The air velocity is con¬ 

trolled by an adjustable damper. 
The action of the cleaning sieve (Fig. 17.1) tends to be mechanical 

sifting.14 The behavior depends upon many variables, including acceleration 

characteristics of the sieve motion, interactions between the sieve and the 

material, characteristics of the material (such as “stickiness”), and propor¬ 

tions of oversize and undersize constituents.14 A thin layer aids penetration, 

but too high a transport velocity inhibits seed penetration because of the 

time factor. 
17.23. Tailings. Small pieces of unthreshed heads and other material that 

pass through the chaffer sieve onto the cleaning sieve are discharged into the 

tailings auger. Ideally, unthreshed heads and pieces of heads not separated 

through the chaffer sieve should fall through the larger openings of the chaf¬ 

fer extension (Fig. 17.1). But because heads of wheat or barley have a con¬ 

siderably lower suspension velocity than pieces of straw and are relatively 

large, the shoe is not always effective in recovering them.14 
Unthreshed heads should be the major constituent of tailings, but 

sometimes represent less than 10% of the total.14,20 Free (threshed) seed of¬ 

ten represents 50 to 90% of the total tailings.14,20 The remainder consists of 

small pieces of stalk, chaff, and other plant debris. Goss and his associates20 

reported that free grain (barley) in the tailings was equivalent to 30 to 40% of 

the total grain intake. In other tests, with wheat and barley in California and 

Idaho, the tailings rate was 7% to 30% of the total net shoe input.14 
Tailings are returned to the main cylinder or an auxiliary cylinder for 

reprocessing. Provision is usually made for visual inspection and sampling of 

the tailings from the operator’s station while the combine is in operation. 

The quantity and composition of the tailings give some indication of the per¬ 

formance of the cylinder and shoe and of the possible need for adjustments 

or reduction of forward speed. 
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17.24. Shoe Performance. Shoe performance is affected by a considerable 

number of factors, among which are the shoe design, the type and condition 

of the crop, the shoe non-grain feed rate, the shoe grain/non-grain ratio, 

shoe adjustments, and the slope of the machine. Performance parameters 

are amount of seed lost, cleanliness of seed, and amount of tailings. Seeds 

are lost over the rear of the shoe by being blown out, bounced out, or carried 

out in the blanket of debris. Tailings should be kept to a minimum because 

the recirculated material increases the shoe load and thereby increases seed 

losses. Sometimes, in harvesting small-seed crops, cleanliness must be 

sacrificed to avoid excessive shoe losses. The trash is removed later in a 
recleaning operation. 

Shoe losses may represent the major portion of the total loss when har¬ 

vesting small-seed crops, or they may be considerably less important when 

harvesting cereal crops. Shoe losses increase rapidly with non-grain feed rate 

when the shoe is overloaded (Fig. 17.11). Uniform lateral distribution of the 

material delivered to the shoe from the concave grate and the straw walkers 

is important to avoid overloading a particular section of the shoe. 

The effect of grain/non-grain ratio upon shoe loss appears to be 

somewhat variable, depending on the crop and its condition and perhaps to 

some extent on shoe adjustments. When harvesting wheat in Saskatchewan, 

the correlation between shoe loss and grain/non-grain ratio into the 

machine, at a given non-grain feed rate, was usually negative.35,36 But 

analysis of data reported from laboratory tests with wheat, using a standard 

shoe without the cleaning sieve,31 indicated a positive correlation at a given 
shoe non-grain feed rate. 

When harvesting barley in California,20 decreasing the grain/non-grain 

ratio by diverting the tailings or by cutting lower to increase the straw length 

resulted in substantial reductions in shoe losses at a given non-grain feed rate 

(i.e., a positive correlation). Nyborg and his associates36 found that decreas¬ 

ing the grain/non-grain ratio sometimes decreased the shoe loss with barley 
or oats. 

17.25. Effects of Shoe Adjustments and Slope. The three basic adjust¬ 

ments on the shoe are the size of openings in the chaffer sieve, the size of 

openings in the cleaning sieve (including the installation of interchangeable, 

fixed-hole sieves), and the volume of air from the fan. Other adjustments 

that may or may not be provided include the size of openings and the slope 

of the chaffer extension, the slopes of the chaffer and shoe sieves, and wind 

direction. The current trend is toward minimizing the number of possible ad¬ 
justments. 

If the air volume is too high, losses are increased because some seeds are 

lifted and blown or bounced out of the rear of the machine and the 

downward movement of other seeds through the blanket of material is in¬ 

hibited. High air velocities also interfere with the passage of seeds through 
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the openings in the cleaning sieve, thereby increasing the amount of free seed 

in the tailings.20 The maximum amount of air that can be used is related to 

the minimum suspension velocity of the seeds as determined by their size, 

specific gravity, and aerodynamic drag characteristics. 
Insufficient air results in increased amounts of trash with the clean seed 

and increased amounts of chaff and other plant debris in the tailings. Seed 

losses sometimes increase as the air velocity is reduced below an optimum 

range, because inadequate loosening of the mixture on the chaffer sieve 

causes more seed to be carried out in the blanket of material. 

Goss and his associates20 found that shoe losses with barley increased 

rapidly when the air volume was either too high or too low. Alfalfa losses in¬ 

creased only slightly as the air volume was reduced below the optimum." 

Simpson44 found, in laboratory tests with wheat, that shoe losses decreased 

as the air volume was reduced throughout the range employed in the tests, 

the minimum air being determined by the allowable amount of trash with 

the clean seed. 
If the openings in the chaffer sieve or chaffer extension are too large in 

relation to the amount of air blast, there will be excessive amounts of chaff 

and other debris in the tailings. If they are too small, seeds will be carried 

out in the blanket of material. Increasing the opening size of an adjustable 

chaffer sieve has the desirable effect of increasing the slope of the air 
streams, thereby permitting lower total velocities for a given vertical compo- 

nent. 
Cleaning-sieve openings that are too small cause excessive amounts of free 

seed in the tailings. If the openings are too large, there will be excessive 

amounts of trash in the clean grain. 
Tilting the shoe either laterally or longitudinally generally increases shoe 

losses. Simpson44 investigated the effects of fore-and-aft shoe slope because 

some hillside combines do not have fore-and-aft leveling. Average shoe 

losses in field tests with wheat were about 4% at a longitudinal slope of 

+ 15° (rear end of shoe low), 1.5% at 0° slope, and 0.5% at —15 slope, as 

long as the shoe was not overloaded. Greatly increased losses were observed 

in a few downhill tests where high feed rates caused the shoe to become 

overloaded when its discharge end was high. 
17.26. Overall Combine Performance. As indicated earlier in this chapter, 

the relative magnitudes of the different types of seed loss vary widely among 

different crops and conditions. Two examples are presented in Fig. 17.11. 

Note that the grain/non-grain ratio was much lower in the alfalfa tests than 

in the barley tests. Approximately half of the total non-grain material went 

onto the shoe in the alfalfa tests and one-third of the total in the barley tests. 
Nyborg and his associates36 analyzed loss data collected during tests with 

ten different combines in wheat, barley, oats, and rye, each test series cover¬ 

ing a range of feed rates. They found that a good fit for walker losses when a 



422 PRINCIPLES OF FARM MACHINERY 

0 20 40 60 80 100 120 
(50) (100) (150) (200) (250) 

0 20 40 60 80 100 120 
(50) (100) (150) (200) (250) 

Non-grain feed rate , kg/min (lb/min) 

Fig. 17.11. Effect of feed rate upon seed losses for a 3.7-m [12-ft] self-propelled combine in the 

Sacramento Valley, California. (Data from California Agricultural Experiment Station, 1951- 

1955. Barley data also in reference 20.) 

wide range of feed rates was included, for shoe losses when the shoe was 

heavily loaded, and for cylinder losses under hard-to-thresh conditions was 

usually provided by a mathematical model of the form 

L = a (NGF)fc (G/NGf (17.2) 

where L = percent loss 

NGF = non-grain feed rate 

G/NG = grain/non-grain ratio 

The constants a, b, and c vary with different crop conditions, the type of loss, 
and different machines. 

When variations in the grain/non-grain ratio were not considered, better 

fits usually were obtained when the independent variable was non-grain feed 

rate rather than total feed rate.36 When variations in the grain/non-grain 

ratio were considered (as in equation 17.2), both parameters gave equally 
good fits. 

Although the capacity of a combine may be limited by choking of one or 

more functional units or by the amount of power available, seed loss is 

usually the controlling factor. The non-grain feed rate or total feed rate 

corresponding to some specified percent loss (e.g., 1, 2, or 3%) is sometimes 

taken as an index of the capacity of a combine for a particular crop under 

specified conditions. ASAE Standard S343 defines combine capacity as the 

total feed rate at a 3% processing loss (cylinder + walker + shoe) for a 

stated crop, grain/non-grain ratio, grain moisture content, and non-grain- 
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material moisture content. From the economic standpoint, the allowable 

loss depends upon the value of the crop in relation to harvesting costs at dif¬ 

ferent loss levels. . 
17.27. Field Testing. For a field-performance evaluation of the functional 

components, simultaneous collections are made of the material discharged 

from the straw walkers, the material from the shoe, and the seed into the 

grain tank. These collections are made while the machine is traveling at a 

constant speed over a measured and timed distance, preferably in a uniform 

crop condition. The combine should be allowed to reach a stable operating 

condition at a constant feed rate before the collections are started. If the tail¬ 

ings are to be collected, they are diverted into a container for a few seconds 

(timed) immediately after the other collections are stopped. 
Separate collections from the walkers and the shoe may be made by 

dragging two canvas sheets behind the machine and holding the front ends, 

one above and behind the other, in appropriate positions. The material 

collected on the top canvas consists of straw, threshed seed (walker loss), 

and some of the unthreshed seed (cylinder loss). The lower canvas collects 

the chaff and free seed from the shoe, as well as additional unthreshed 

seed. A number of manufacturers and other organizations have developed 

mechanized, semiautomatic collection devices of various degrees of 

sophistication.21,35 
After weighing the collections, the material from each canvas is cleaned to 

recover the free seed. It is then run through a threshing cylinder or a slow- 

speed hammer mill to thresh out the remaining seed and is cleaned again to 

recover the seed that was originally unthreshed. The percentage losses at the 

various points are calculated on the basis of the total mass of all seed collec¬ 

ted during the run. Manufacturers and other organizations involved in ex¬ 

tensive field test programs generally have portable or mobile equipment for 

processing the samples in the field. 
Gathering losses may be determined by placing a frame of known area in 

a number of locations at random over the field and picking up the seeds and 

shattered heads within the frame each time. The frame should not be placed 

where seed that has been lost from the rear of the machine would be included 

in the collection. A preharvest collection is made to determine the shatter 

caused by natural agencies prior to harvesting. The gathering loss is the dif¬ 

ference between the post-harvest and preharvest determinations. 
If seed damage is a problem, samples taken from the clean-grain spout are 

' checked visually for external damage (or screened to separate broken pieces 
of seeds) and may also be subjected to laboratory germination tests for inter¬ 

nal damage. Hand-threshed samples are also checked. If it is suspected that 

damage is occurring in parts of the machine other than the cylinder, samples 

should be taken from pertinent locations along the path of the seed within 

the machine. 
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Because of the influence of uncontrollable and sometimes unpredictable 

crop variables, runs should be replicated or preferably, a series made at 

varying feed rates. A control or “standard” machine should be used in all 

tests involving evaluations of an unknown machine or comparison of dif¬ 
ferent machines.32,35 

17.28. Laboratory Testing. Laboratory testing of functional components 

(cylinder, walker, shoe) has proved to be an extremely valuable tool both in 

development programs and in obtaining fundamental information regarding 

the behavior of the components. Laboratory facilities have also been 
developed for testing complete combines.33 

Laboratory tests are fast and much less expensive than field testing. Con¬ 

ditions can be controlled more accurately, giving better reproducibility. 

Tests can easily be duplicated and enough runs can be made to permit 

statistical analysis. Components can readily be isolated for measurement, 

photography, and determinations of the effects of a wide range of loads and 

crop variables. Once the crop is stored, testing is independent of the weather 
and season. 

The crop or crops must be properly grown, harvested, stored, and 

prepared for use. Some crops do not store well and, therefore, are not 

amenable to off-season laboratory testing. It is extremely important to feed 

the material into the combine or component in the same manner and condi¬ 

tion as it would be fed during field operation, especially for the cylinder. 

Laboratory functional tests cannot duplicate all aspects or the wide range 

of actual field conditions, but should be complementary to field testing.33 

Even though the magnitude of losses observed in laboratory tests, par¬ 

ticularly with cleaning shoes, may be considerably less than field losses, the 

relative effects of design changes or adjustments should be similar.26 

17.29. Power Requirements. Arnold and Lake5 conducted laboratory 

tests with 610-mm-wide [24-in.-wide] rasp-bar cylinders to determine the ef¬ 

fects of various factors upon cylinder power requirements. Most of the tests 

were with wheat having moisture contents of 12 to 15% and a grain/non¬ 

grain ratio of 0.83. They found that the power requirement decreased sub¬ 

stantially as the cylinder diameter was increased from 305 mm to 533 mm 

[12 in. to 21 in.] but decreased only slightly between 533 mm and 686 mm 

[21 in. and 27 in.]. A closed concave required about 25% more power than an 

open-grate concave at cylinder speeds of 23 to 33 m/s [4500 to 6500 ft/min]. 

The difference was only 10% at 18 m/s [3500 ft/min]. Increasing the length 

of the open-grate concave from 338 mm to 508 mm [13.3 in. to 20 in.] in¬ 
creased the power requirement by about 10%. 

At high feed rates much less power was required to thresh a thin, fast- 

moving input stream of material than to thresh a thick, slow-moving 

stream.5 At a constant input-stream speed of 46 m/min [150 ft/min] (i.e., a 

typical slow stream), power increased exponentially with feed rate, with 
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mean values of 3.0 kW [4.0 hp] at a non-grain feed rate of 45 kg/min [100 

lb/min] and 7.1 kW at 68 kg/min [9.5 hp at 150 lb/min]. 
Power requirements tended to increase linearly with cylinder speed, the 

rate of increase depending upon the other operating conditions.5 In 3 experi¬ 

ments, the power at 33 m/s [6500 ft/min] averaged 65% greater than the 

power at 18 m/s [3500 ft/min]. Cylinder-concave clearance had no great ef¬ 

fect on power requirements with either wheat or barley. Wheat required 

more power than barley. 
Dodds17 conducted field tests with a 3.7-m [12-ft] self-propelled combine 

having interchangeable spike-tooth and rasp-bar cylinders 762 mm [30 in.] 

wide. Power inputs were measured to (a) the cylinder shaft, including the 

header drive, and (b) the main shaft, including all power input except to the 

propulsion drive. The combine was equipped with a straw chopper. Hollow- 

stem wheat, solid-stem wheat, barley, and oats were combined from the 

windrow. The two wheat varieties were also direct combined. Runs were 

made over a range of feed rates and a linear-regression equation was deter¬ 

mined for each series of runs. 
Main-shaft power requirements for a non-grain feed rate of 90 kg/min 

[200 lb/min], calculated from the regression equations reported for the rasp- 

bar cylinder, were as follows: 

Grain/non- Main-shaft power, kW [hp] 

grain ratio* Direct cut Windrowed 

Hollow-stem wheat 0.78 19.7 [26.4] 18.5 [24.8] 

Solid-stem wheat 0.66 20.6 [27.6] 19.2 [25.8] 

Barley 1.13 — 15.4 [20.7] 

Oats 1.22 — 17.5 [23.4] 

In all cases, main-shaft power requirements at a non-grain feed rate of 45 

kg/min [100 lb/min] were 65 to 70% of the requirements at 90 kg/min [200 

lb/min]. Power requirements when harvesting wheat were 75 to 85% as great 

with the spike-tooth cylinder as with the rasp-bar cylinder. 
The NIAE45 tested three 3.7-m [12-ft] self-propelled combines in wheat 

having a grain moisture content ol 16 to 18% and a grain/non-grain ratio of 

0.63. Total power requirements, including propulsion, were 28 to 41 kW [37 

to 55 hp] at normal non-grain feed rates of 0.13 to 0.15 kg/min per 
millimetre of cylinder width [7 to 8.5 lb/min per inch of width]. At these feed 

rates, total energy requirements were 3.5 to 4.4 kW-h per megagram of non¬ 

grain material [4.2 to 5.4 hp-h per ton]. The results tabulated above for 

direct combining wheat in Dodd’s tests, including a straw chopper but not 

propulsion power, indicate 3.6 to 3.8 kW-h per megagram of non-grain 

material [4.4 to 4.6 hp-h per ton] at a non-grain feed rate of 0.12 kg/min per 

millimetre of cylinder width [6.7 lb/min per inch of width]. 

*Personal correspondence from M.E. Dodds dated August 4, 1971. 
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The cylinder generally accounts for a substantial portion of the total 

power required by a combine.5 Power requirements for the separating and 

cleaning units are small and relatively independent of feed rate.12 Header 

power requirements vary with the type and field conditions of the crop, the 

forward speed, and the feed rate. Propulsion power requirements are in¬ 

fluenced by the mass of the machine plus the seed in the grain tank, tire 

sizes, the condition of the ground surface, the slope of the ground, and 

forward speed. (See Section 2.19 for method of calculating rolling 
resistance.) 

Short-time peak power requirements for the cylinder may be 2 to 3 times 

as great as the average requirement.5’17 The engine needs to have con¬ 

siderable reserve power to be able to handle these peaks without stalling or 

causing undesirable speed reductions. Maximum engine power ratings on 
1977 models of self-propelled combines were generally 70 to 100 W per 

millimetre of cylinder width [2.4 to 3.4 hp per inch of width], 

17.30. Automatic Controls* and Monitoring. Automatic header-height 

control is desirable when it is necessary to cut close to the ground, especially 

when the field surface is undulating or irregular. Accurate height control is 

particularly important for soybeans because this crop must be cut within a 

few centimetres of the ground to minimize gathering losses.30 

Automatic header-height controls have been developed as optional attach¬ 

ments for combines. A rotatable transverse bar, mounted directly beneath 

the cutterbar, has ground-contacting fingers attached to it at intervals of 

about 150 mm [6 in.]. The fingers rotate the bar to actuate a hydraulic con¬ 

trol valve when height adjustment is necessary. Accuracy of control is affec¬ 

ted by many factors, including response time and the resonance charac¬ 

teristics of the combine-and-header system. Rehkugler42 has analyzed the 

dynamic behavior of such a system, employing analog simulation. 

Attention is being given to automatic control of feed rate, by 

automatically changing the forward speed, as a means of avoiding overloads 

and maximizing harvest rates without excessive seed losses. Ideally, the 

feed rate should be sensed in front of the cutterbar or as early as possible in 

the header. The efficiency of the control system depends upon the existence 

of a definite and consistent relation between the sensed value and the feed 
rate. Some of the approaches that have been considered are: 

1. Sensing torque in the cylinder drive.18 

2. Sensing displacement of the feeder-conveyor chain caused by changes 
in the thickness of the layer of material.18 

3. Sensing engine power output by measuring absolute intake manifold 
pressure or some other parameter.8 

*See Chapter 4, and especially Section 4.22, for a discussion of hydraulic components and 
characteristics of automatic control systems. 
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4. Sensing the reaction force on the concave supports.18 

5. Determining density of material in the feeder conveyor by means of 

gamma radiation.8 

Most self-propelled combines now sold have enclosed cabs, many of them 

air conditioned. The resulting isolation of the operator from the sensory in¬ 

dications of combine performance and operational problems has created a 

need for a system of signal devices or monitors to provide communication 

from the combine to the operator.37 Powerplant monitors (instruments and 

signals) have been standard equipment for many years, but the intensive ap¬ 

plication of monitors for crop-handling mechanisms and operations is a rela¬ 

tively new development. 

The operator needs to be furnished with three types of information, as 
follows:37 

1. Early-warning signals, to indicate potential problems (belt slippage, 

choked or overloaded functional components, overheating, low oil 

pressure, etc.) 

2. Failure-warning signals, to indicate that some component has failed or 

is not functioning. 

3. Process-control monitoring, such as provisions for sampling or observ¬ 

ing tailings and clean grain, grain-loss indicators, etc. 

A number of the monitoring operations on crop-handling components in¬ 

volve sensing shaft speeds, with the signal in the cab indicating when the 

speed drops below a predetermined minimum value. The manner of 

presenting the signals in the cab and the locations of the signal devices are 

important considerations in regard to their effectiveness.37 

A grain-loss monitor was developed at the University of Saskatchewan in 

1968,39 and several commercial models have become available since then. 

One vibration-sensitive sounding board or tube is mounted across the full 

width of the combine in a position such that grain carried over the walkers in 

a sample portion of the straw stream will strike the sensor. A second sensor 

is placed in the stream of material from the cleaning shoe. In one type of 

monitor the impacts are converted into a voltage that is proportional to the 

frequency of impacts and is indicated on a meter. Another arrangement 

gives a digital readout of the number of impacts during a pre-selected time 

interval of one second or more. The seeds must be heavy enough so that the 

system can distinguish between seed impacts and the impacts of pieces of 

straw or other material. The sensors must be located where they consis¬ 

tently intercept a representative sample of the discharged material (difficult 

to do for the shoe). 
17.31. Windrow Combining. Windrowing is done with a self-propelled 

windrower having draper-type cross conveyors (Fig. 14.10 right) or with 

pull-type windrowers. For best curing and good combine performance, the 
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windrows should be continuous, uniform, and loose. The heads should all be 

laid toward the rear. The stubble in windrowed grain should be at least 15 to 

20 cm [6 to 8 in.] tall to permit free air circulation beneath the windrow. 

For windrow combining, the reel is removed and a windrow-pickup unit is 

attached to the front of the header. The pickup unit should have support run¬ 

ners or caster wheels operating on the ground and should be hinged to the 

header so it can “float” without the necessity for precise control of header 

height. Draper-type pickups, which have slats and spring teeth attached to 

inclined, flat belts, have gained wide acceptance. They handle the material 

more gently than cylinder-type pickups and are preferable where seed shat¬ 

tering is a problem. They also have less tendency to pick up stones. For best 

performance and minimum shattering, the peripheral speed should be 10 to 
20% greater than the forward speed. 
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PROBLEMS 

17.1. The following data were obtained in a field test when harvesting barley with a 4-m self- 

propelled combine: length of test run = 12 m; time = 21.3 s; total material over walkers = 9.4 

kg; free seed over walkers = 76 g; unthreshed seed over walkers = 60 g; total material over shoe 

= 4.4 kg; free seed over shoe = 289 g; unthreshed seed over shoe = 81 g; total seed collected at 

grain tank = 17.6 kg. The average gathering loss was 10.2 g/m2. Calculate: 

(a) Cylinder, walker, shoe, and total processing losses, in percent of grain feed rate. 

(b) Gross seed yield, gathering loss, and processing losses, in kilograms per hectare. 
(c) Gathering loss, in percent of gross yield. 

(d) Walker non-grain feed rate, shoe non-grain feed rate, and total non-grain feed rate, in 
kilograms per minute. 

(e) Percent of non-grain material retained by the walkers. 

17.2. Alfalfa seed is to be harvested with a 3.7-m self-propelled combine. The yield of non¬ 

grain material is 5.6 Mg/ha, seed yield = 670 kg/ha, and field efficiency = 75%. The cost fac¬ 

tors are: new cost of combine = $24 000; total annual fixed costs = 16% of new cost; fuel cost = 

$3.20/ha; cost for engine oil and lubrication = $0.30/h; operator’s wage = $3.50/h; value of 

seed = $1.75/kg. Assume the machine is to be used for 200 h/year, the total area depending 

upon the speed of operation. Total processing losses (from Fig. 17.10 left) at non-grain feed 

rates of 30, 40, 50, 60, 70, 80, and 90 kg/min are 1.3, 1.9, 2.5, 3.2, 4.2, 5.5, and 7.5%, respec¬ 
tively. 

(a) Plot a curve of total cost per hectare versus non-grain feed rate, including a charge for the 

value of the seed lost. From this curve, determine the most economical feed rate at which to 
operate. 

(b) What forward speed corresponds to the most economical feed rate? What is the approx¬ 
imate percent seed loss at this rate? 

(c) How many hectares can be harvested in the 200-h period when operating at the most 
economical speed? 
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17.3. From material presented in the text, or from other sources, develop a list of possible 

causes for each of the following conditions. 

(a) Excessive header loss. 

(b) Excessive amount of unthreshed seed. 

(c) Excessive free-seed loss over straw walkers. 

(d) Cracked grain. 

(e) Excessive free-seed loss over rear of shoe. 

(f) Excessive amount of chaff in tailings. 

(g) Excessive amount of free seed in tailings. 

17.4. A typical self-propelled combine with a cylinder 900 to 1000 mm wide may have a total 

mass of about 8.5 Mg, including grain, when the tank is full. Assume 465-660 [18.4-26] tires on 

the drive wheels (1.47 m OD) and 190-460 [7.50-18] tires on the steering wheels (0.86 m OD), 

with 77% of the load on the drive wheels. Referring to Appendix C, calculate the engine power 

required for propulsion with a full grain tank at 5 km/h, assuming a mechanical drive system 

with 10% energy loss between the engine and the wheels, 

(a) On firm, level soil. 

(b) On moderately firm, level soil (perhaps use coefficients of rolling resistance midway be¬ 

tween curves for bluegrass pasture and fall rye seeding). 

(c) Additional power required for going up a 5% slope. 
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Corn Picking and Shelling 

18.1 Introduction. Corn is our greatest-area field crop, as well as being 

our most important source of feed. In recent years about 85% of the total 

corn plantings have been harvested for grain.1 Although some corn is 

produced in every state in the United States, 80% of the total production is 
confined to the 12 north-central states.1 

Interest in mechanical corn pickers developed with the adaptation of the 

tractor PTO to their operation during the late 1920s. However, general 

adoption did not take place until after World War II. The first picker- 

shellers appeared in the middle 1930s, but lack of suitable shelled-corn dry¬ 
ing equipment delayed their acceptance until the 1950s. 

Several attempts were made during the late 1920s and mid 1930s to adapt 

the grain combine for harvesting corn.8’14’17 All the early work involved 

feeding the entire corn plant into the machine. The early investigators con¬ 

cluded that corn could be shelled and cleaned with a combine, but that the 

introduction of the stalks into the machine was a major problem yet to be 

solved. They were also concerned about lack of equipment for drying wet 
shelled corn. 

The Illinois Agricultural Experiment Station initiated studies in 1950 to 

evaluate the rasp-bar cylinder as a corn husker and sheller.9 In 1953 they 

developed stalk-gathering equipment for a combine.19 The same problem ex¬ 

perienced by the earlier investigators, that of introducing the entire plant 

into the combine, continued to be a major one. It was evident from these in¬ 

vestigations, however, that the rasp-bar cylinder could shell corn satisfac¬ 
torily at reasonable moisture levels. 

The next step in the evolutionary process was to equip combines with corn 

snapping units in order to leave the stalks in the field and introduce only the 

ears into the machine.8 Following the development of acceptable corn heads, 

the popularity of grain combines tor harvesting corn increased rapidly dur¬ 

ing the 1960s. In 1970, approximately 70% of the corn produced in 5 of the 

principal corn-belt states was harvested by combines equipped with corn 

heads.15 The number of corn heads manufactured in the United States from 

1971 through 1975 was only 4% less than the total number of combines 

produced and was 3 ¥2 times as great as the number of corn pickers (all 

types).2 Picker-sheller sales have been quite low since the early 1960s. 

18.2. Types and Functional Components of Corn Harvesters. Corn har¬ 
vesters may be classified as (a) snappers, (b) picker-huskers, commonly 
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known as pickers, (c) picker-shellers, and (d) grain combines equipped with 

corn heads. The basic components for all these types include a gathering unit 

to guide the stalks into the machine, snapping rolls to remove the ears from 

the stalks, and lugged gathering chains to assist in feeding the stalks into the 

rolls and moving the stalks and snapped ears rearward through the snapping 
zone. 

A corn snapper consists ot the above basic components plus an elevating 

conveyor to deliver the ears (mostly not husked) into a trailing wagon. The 

addition of a husking bed to remove the husks from the ears identifies the 

machine as a corn picker. A picker-sheller has a shelling unit instead of a 

husking unit. Sometimes these units are interchangeable. The shelled corn 

may be delivered to a trailing wagon or to a tank on the machine. When a 

grain combine is to be used for corn, a corn head is installed in place of the 

grain header. A corn head has the basic gathering and snapping components 

listed above (similar to a corn snapper) plus a conveying system to deliver 

the ears to the combine cylinder for shelling. 

Both mounted and pull-type pickers and snappers are available. Mounted 

units are mostly 2-row machines, whereas 1-row, 2-row, and 3-row sizes are 

common with pull-type machines. Picker-shellers are usually two-row 

machines. Most 2-row machines have snapping-unit center distances of 

about 102 cm [40 in.], but narrow-row models for 76-cm [30-in.J row spac- 

ings are available. Differences of 5 to 8 cm [2 to 3 in.] between the row spac¬ 

ing and the snapping-unit centerline distances are tolerable in 2-row har¬ 
vesters. 

Corn heads for combines are mostly 2-, 3-, 4-, or 6-row units designed to 

handle row spacings of 92 to 102 cm [36 to 40 in.] or 71 to 81 cm [2^ to 32 
in.]. Five-row and 7-row heads for these row spacings, as well as 8-row heads 

for 51-cm or 76-cm [20-in. or 30-in.] spacings are also available. Ap¬ 

proximately 58% of all corn heads sold in the United States in 1975 were 4- 

row units, 20% were 6-row units, and 9% were 2-row units.2 

Most present-day models of corn heads have a transverse rectangular or 

square tubing “tool bar” (e.g., 102 X 102 mm [4X4 in.]) beneath the rear 

portion of the header. Self-contained, individual-row snapping units (in¬ 

cluding gathering chains) are clamped to the tool bar at the desired row 

spacing. Gear cases on the individual units are driven by a transverse hex 

shaft that passes through each gear case, by interconnecting stub shafts, or 

by some other appropriate arrangement. The two halves of each sheet-metal 

gathering unit and center divider usually have an adjustable amount of 

overlap so the row spacing on a specific corn-head assembly can be changed 

about 5 cm [2 in.] either way from the center position. 

18.3. Gathering Units. It is a relatively simple matter for a gathering 

device to control stalks and feed them into the snapping units when the 

stalks are standing. Unfortunately, however, many stalks become lodged 
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(leaning or broken) during the season, due to adverse weather conditions, 
disease, high plant populations, etc. The gathering assembly must be able to 
lift lodged stalks and guide them into the snapping unit with a minimum 
number of ears lost during the process. This requires having pickup devices 
close to the ground and handling the stalks gently to avoid excessive ac¬ 
celerations and the consequent detachment of ears. 

Streamlined gatherers are shown in Fig. 18.1. The front section of each 
unit is hinged so the point can float along the ground surface and slide be¬ 
neath lodged stalks. An adjustable support from the main section limits the 
lowest position of each point. For minimum loss of ears, the gathering points 
should be operated on the ground or as low as surface irregularities will per¬ 
mit. The gentleness with which lodged stalks are handled is influenced by the 
degree of lodging, the steepness of the top profile of the gathering points, 
and the forward speed. 

Fig. 18.1. Front view of a four-row combine corn head, showing the streamlined gathering 
units. (Courtesy of Allis-Chalmers.) 

The gathering units in Fig. 18.1 have a relatively low profile, which is 
desirable. This low profile is made possible by the use of sljort snapping 
rolls, which are characteristic of most corn heads, and because the header 
platform can be operated at a low height. Mounted snappers or pickers 
sometimes have relatively low profile angles on the gathering points, but a 
steeper angle is required on the flare sheets (behind the gathering points and 
above the snapping rolls) because of limitations imposed by the mounting of 
the longer snapping rolls generally employed on snappers and pickers. 

Gathering chains equipped with finger links (Fig. 18.2 and 18.3) assist in 
moving stalks into and through the snapping zone and prevent loose ears 
from sliding forward to be lost. The chain speed should approximate the 
forward-travel speed when the stalks are upright. In lodged corn the chains 
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Fig. 18.2. Snapping unit having long rolls 

with spiral ribs and lugs. Gathering points and 

part of the shielding have been removed. 

(Courtesy of White Farm Equipment Co.) 

are more effective when operated somewhat faster than ground speed. On 

some machines the gathering-chain speed is adjustable from the operator’s 

platform. 

18.4. Snapping Units. Two general types of snapping rolls are employed. 

These may be described as spiral-ribbed or spiral-lugged rolls (Fig. 18.2) and 

straight-fluted rolls (Fig. 18.3). Both types have tapered, spiral-ribbed points 

to facilitate stalk entry, and both types pull the stalks downward between the 

two rolls. With spiral-ribbed rolls, the ears are snapped off of the stalk when 

the ears contact the closely spaced rolls. Straight-fluted.rolls pull the stalks 

down between two stripper plates (Fig. 18.3) and the ears are snapped off 

when they contact the plates. 
Most snappers, pickers, and picker-shellers have spiral-ribbed snapping 

rolls. These are usually made of cast iron and have spiral ribs or lugs on their 

surfaces (Fig. 18.2). Their aggressiveness increases from front to rear and 
can be varied for different operating conditions by attaching or removing 

screws, bolts, or additional lugs. Roll lengths generally range from 1020 to 

1270 mm [40 to 50 in.] and diameters are 75 to 100 mm [3 to 4 in.]. 

Peripheral speeds are usually about 180 m/min [600 ft/min].12 The direction 

of wrap of the spirals is such that the ribs tend to move the stalks rearward. 
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Fig. 18.3. Two views of a combine corn-head snapping unit having short, fluted snapping rolls. 

Left: Top view with shields removed, showing gathering chains and stripper plates. Right: Un¬ 

derside view showing cantilevered snapping rolls. Note the tapered, spiral-ribbed feeding points 

and the full-length trash knife along the outside of each roll. (Courtesy of Deere & Co.) 

Because the ears are allowed to contact the spiral-ribbed snapping rolls, 

excessive roll shelling (butt shelling) may occur if the speed is too great or 

the surfaces too aggressive, especially if the corn is fairly dry.10’12 If the sur¬ 

faces are not aggressive enough, stalk slippage when the butt of the ear con¬ 

tacts the rolls will increase shelling because of the longer contact time. Insuf¬ 

ficient aggressiveness under dry conditions may also result in trash ac¬ 
cumulating on the rolls. 

The clearance between the front ends of spiral-ribbed snapping rolls is ad¬ 

justable and should be kept as small as possible without causing clogging 

and stalk breakage (6 to 13 mm [V4 to Vi in.J under normal conditions).10 

Having the rolls too far apart increases roll shelling because of stalk slippage 

and the tendency to pull the ears farther into the rolls. Rolls can be set closer 

when the stalks are damp and tough than when they are dry and brittle or are 

lodged. Because of the variety of crop conditions encountered, it is 

desirable to be able to adjust the roll clearance from the operator’s station 
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while harvesting. This feature also permits clearing clogged rolls without 
danger to the operator. 

Straight-fluted rolls are very aggressive and tend to have a positive action 

in pulling the stalks through. The flutes intermesh in most designs, but one 

manufacturer employs rolls with sharp-edged blades that are timed so the 

blades bite into the stalks from both sides simultaneously. Stripper plates 

above the rolls (Fig. 18.3) prevent ears from contacting the rolls. Properly 

adjusted plates minimize the butt shelling that sometimes represents a sub¬ 

stantial loss with spiral-ribbed rolls. Fluted rolls may be cast iron or they 

may be built-up units with replaceable steel flutes. Diameters are generally 
90 to 125 mm [3*/2 to 5 in.] and roll lengths (excluding the tapered point) are 

mostly 400 to 600 mm [16 to 24 in.]. Peripheral speeds are considerably 

greater than for spiral-ribbed rolls because the shorter roll length allows less 

time for pulling the full stalk length down through the rolls. 
Corn heads are equipped with straight-fluted rolls. Some manufacturers 

have developed interchangeable snapper units of this type that may also be 

adapted to other types of corn harvesters. Fluted rolls permit higher 

capacities and faster ground speeds than do spiral-ribbed rolls.12 Fluted rolls 

and snapping plates remove fewer husks than spiral-ribbed rolls. This 

characteristic is undesirable for pickers because larger-capacity husking 

beds are needed, but is not a problem with combines or picker-shellers.12 

The spacings between stripper plates and between the fluted rolls are 

usually, but not always, adjustable. Stripper plates should be as wide apart 

as possible without letting small ears pass between them. Wide spacings 

minimize stalk breakage and the amount of trash fed into the combine. The 

roll spacing is less critical than with spiral-ribbed rolls and should be ad¬ 

justed to give a positive action without stalk breakage. 

18.5. Trash Removal. Special trash rolls are often provided on corn 

pickers to remove trash and broken stalks not expelled by spiral-ribbed 

snapping rolls. Fluted sections may be incorporated on the upper ends of the 

snapping rolls (Fig. 18.4). Transverse, fluted rolls are sometimes mounted at 

the discharge end of a snapped-ear conveyor (Fig. 18.5). The principal func¬ 

tion of the transverse rolls is to remove relatively long sections of stalk. 

Small blowers may also be used to assist in removing trash. 

18.6. Husking Units. The husking unit on a picker has pairs of rolls that 

grasp the husks and pull them downward between the rolls. Usually, all the 

husks are taken at once when one is caught. Most husking beds have either 2 

or 3 pairs of rolls per corn row. The rolls may be in a separate husking bed at 

the discharge end of a conveyor from the snapping rqils (Fig. 18.6 left) or 

they may be in line with the snapping rolls and fed by the snapping-roll con¬ 

veyor (Fig. 18.6 right). With separate husking beds, there may be one per 

row or one per machine. 

Husking rolls are generally 64 to 76 mm [2'/2 to 3 in.] in diameter and 
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Fig. 18.4. Fluted trash rolls on the upper ends Fig. 18.5. Fluted-roll stalk remover at the 

of snapping rolls. (Courtesy of Avco New Idea upper end of a corn elevator. (Courtesy of 

Div., Avco Corp.) White Farm Equipment Co.) 

760 to 1270 mm [30 to 50 in.] long. They operate at about 500 r/min.12 

Most present-day units have cast-iron or steel rolls operating against rubber 

rolls (often laminated from tire-carcass stock). Various surface configura¬ 

tions are employed to obtain the desired aggressiveness. 

Feed mechanisms, sometimes known as ear retarders (downhill) or ear 

forwarders (uphill), distribute the ears across the husking bed, hold them 

against the rolls, and move them along the rolls at a uniform rate. Devices 

for this purpose include rubberized paddles on transverse shafts above the 

rolls, rubberized Finger wheels (Fig. 18.6 left), nylon brushes, and side- 

paddle chain conveyors (Fig. 18.6 right). Spirally grooved roll surfaces can 

also help advance the ears along the rolls. 

A sieve arrangement of some sort is usually placed beneath the husking 

bed to recover shelled corn from the husks. The husk conveyor provides 

agitation on the sieve surface. The shelled corn falls through the sieve open¬ 

ings and is delivered to the wagon along with the ears. An air blast is 

sometimes used to assist in the separation. 

The principal adjustments for a husking unit are (a) contact pressure be¬ 

tween rolls, controlled by spring pressure, (b) aggressiveness of the rolls, as 

modified by adding or removing rubber buttons, pins, screws, etc., and (c) 

the height of the feed mechanism above the rolls. The unit should be adjusted 

to obtain maximum husking with minimum shelling. Excessive amounts of 

shelled corn in the crib may increase spoilage.10 Husks and trash in the crib 

occupy storage space and reduce the natural air flow through the corn. 

18.7. Shelling and Cleaning in a Grain Combine. The conventional rasp- 

bar cylinder in a grain combine (Fig. 17.3) is an effective device for shelling 
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Fig. 18.6. Left: A 12-roll husking bed with rubber-finger presser wheels. (Courtesy of Avco 

New Idea Div., Avco Corp.) Right: A four-roll husking unit incorporated into the snapping-roll 

elevator. (Courtesy of Deere & Co.) 

corn. The clearance between the cylinder and the concave is adjusted to 

about 25 to 32 mm [1 to 114 in.] at the front and 16 to 22 mm [5/s to % in.] at 

the rear. Cylinder peripheral speeds range from 12.7 to 20.3 m/s [2500 to 

4000 ft/min], often being about 15.2 m/s [3000 ft/min]. Filler plates may 

be attached to the cylinder between the rasp bars to prevent ears from 

collecting within the cylinder, but tests have indicated that the benefits 

(reduced shelling losses) seldom justify their use except at very low cylinder 

speeds.18 

Separation of the shelled corn from the cobs, husks, and other trash is a 

relatively simple matter in a combine, as compared with separating small 

grains and other seed crops from straw and chaff. Except under extremely 

adverse crop or weather conditions, separating and cleaning capacity seldom 

is a limiting factor when harvesting corn with a combine. The chaffer and 

cleaning sieves are adjusted to larger openings than for the cereal grains, and 

a greater air blast is permissible through the cleaning shoe. Aerodynamic 

suspension velocities for corn kernels are considerably greater than for 

pieces of corn cobs and other lighter debris.2 
18.8. Shelling and Cleaning in a Picker-Sheller. Although at least one 

model of picker-sheller has had a rasp-bar cylinder and concave as the shell¬ 

ing unit, most picker-shellers have axial-flow cage-type shellers. A cage-type 

shelter has a rotating cylinder with lugs, spiral flutes, or paddles around the 

periphery. The cylinder operates within a stationary cage that is 1020 to 
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1420 mm [40 to 56 in.] long and 280 to 380 mm [11 to 15 in.] in diameter. 

The cage periphery is made of perforated metal or parallel round bars and 

has openings large enough to permit easy passage of shelled kernels but not 

the cobs. The cylinder is operated at 700 to 800 r/min and has a peripheral 

speed of 6.1 to 10.2 m/s [1200 to 2000 ft/min]. 

Ears from the snapping units (including husks) are fed radially into an 

opening at one end of the cage and pass circumferentially and longitudinally 

along the cylinder during the shelling process.5 Shelling is accomplished 

primarily by rubbing and rolling of ears and cobs against each other and 

against the cage (concave) and the rotating cylinder. The length of time that 

the ears remain in the shelling unit can be varied, by means of an adjustable 

cob gate at the discharge end of the cage, to accommodate different crop 

conditions. 

The shelled corn falls through the openings in the cage and is conveyed to 

the tank or wagon. Light trash is removed from the shelled corn by means of 

an air blast or with a suction-type fan.3 On some shelling units the material 

discharged from the cage passes over a cleaning shoe for final separation of 
shelled corn from the cobs, husks, and other trash.5-12 

18.9. Field Losses. Machine losses with a combine or a picker-sheller in¬ 

clude (a) gathering loss (ear loss) as the stalks enter the gathering unit, (b) 

snapping-roll loss (corn shelled and lost by the snapping rolls or stripper 

plates), (c) cylinder or sheller loss (kernels and tips not removed from the 

cobs), and (d) separating and cleaning losses. Snappers and pickers are sub¬ 

ject to only the first two types of machine losses. 

Preharvest losses are also important but are not related to machine per¬ 

formance. They consist primarily of ears that have become detached from 

the stalks due to natural causes. Large preharvest losses indicate a genetic 

weakness in some varieties and a need for further breeding work to develop 

plants less susceptible to lodging and with stronger bonds between the ears 
and the stalks. 

Additional losses occur because of immaturity if the corn is harvested too 

early. Tests have indicated that full maturity, with maximum potential yield, 

may not be attained until the kernel moisture content has decreased to 26%, 

provided the corn reaches this moisture level before frost.12 In cool seasons, 

however, frost is likely to interrupt dry-matter accumulation at higher 

moisture contents.12 Harvesting with combines in the Corn Belt states often 

starts at a moisture content above 30%. The moisture content may be well 

below 20% before harvesting is completed, especially in dry climates. Drying 

rates generally range from 0.3 to 0.6 percentage points per day.11-20 In a 3- 

year Ohio study,7 the average moisture content during the harvest season, 
when harvestine with combines, was about 25%. 

Shelled corn harvested at high moisture contents must be dried artificially 

to about 15% moisture for safe storage. Ear corn, however, can be cribbed 
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safely without artificial drying when the kernel moisture content is about 
20%.20 

Field losses are influenced by the type of harvester, machine adjustments, 

forward speed, date of harvesting, moisture content, varietal differences, 

amount of lodging, and other factors. Results of loss studies reported by 

various investigators prior to 1965 are summarized and discussed in. 

reference 12. Additional, more recent results are presented in references 7 
and 21. 

Preharvest ear losses and machine gathering losses increase as the season 

advances. The stalks become dry and brittle and tend to lodge as a result of 

adverse weather conditions, and the ears break off easier. High forward 

speeds and poor centering of the snapping unit on the row increase ear 

losses, especially when the stalks are lodged. Speeds of 3.2 to 4.8 km/h [2 to 
3 mph] are common with combines.7 

The increase of preharvest losses with tirhe is illustrated by the top graph 

in Fig. 18.7. Preharvest losses in Iowa plot tests21 varied considerably among 

5 varieties and increased rapidly as the kernel moisture content decreased 
below about 25%. The 2 worst varieties had preharvest losses of over 10% of 

the yield at kernel moisture contents of about 20% (but only 1% loss at 

moisture contents of 26 to 29%, 2 or 3 weeks earlier). 

Gathering losses with combines in the Iowa tests tended to follow the 

same pattern as preharvest losses but were only about half as great.21 In a 3- 

year study of a large number of farmer-operated harvesters in Ohio, gather- 
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Fig. 18.7. Relation of field losses to harvest date, for corn pickers. (Data from references 4, 11, 

and 20.) 
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ing losses with combines consistently averaged twice those from conven¬ 

tional pickers.7 The greater loss with combines was attributed partly to a 

tendency for the operators to keep the gathering points higher above the 

ground to minimize the possibility of feeding rocks through the cylinder. The 

average gathering loss for combines (reported in volume per unit area) 

probably represented 4 to 5% of the yield.7 
Shelled-corn losses at the snapping rolls also increase as the kernel 

moisture content decreases, especially below 20%.12,20 In general, losses with 

spiral-ribbed snapping rolls may be 2 to 4% at a kernel moisture content of 

20%12> 13,20 and considerably greater at 15% moisture content.12,20 Increased 

forward speed increases losses with spiral-ribbed snapping rolls.12 Losses 

with fluted snapping rolls and properly adjusted stripper plates, as used on 

combine corn heads, are usually less than 1%7,20 and are not greatly influ¬ 

enced by moisture content.21 

Cylinder losses in a combine are increased if the peripheral speed is too 

low or the cylinder-concave clearance is too great. Cylinder losses with 

either a combine or a cage-type sheller seem to be related more closely to 

cob moisture content than to kernel moisture content, decreasing as the 

moisture content decreases during the harvest season.6,18,21 Losses with the 

two types of shellers appear to be similar.12 Cylinder losses for combines 

were usually less than 1% in studies made in Iowa21 and Ohio7 and often less 

than Vi%, even at kernel moisture contents as high as 35%. 

Separating and cleaning losses in a combine are generally less than 

‘/2%.7,21 Losses may be higher, however, if the snapping unit is improperly 

adjusted so considerable quantities of stalk pieces and other green material 

are fed into the combine.12 Separation losses with a picker-sheller are 

usually low when the sheller has a cleaning shoe6 but may be high if all the 
separation is through the cage.12 

All the machine losses incurred with a mechanical picker increase as the 

moisture content decreases during the season. The relation between har¬ 

vesting date and total machine loss is illustrated in Fig. 18.7. Considering 

machine losses, preharvest losses, and immaturity losses, maximum har¬ 

vested yields with a picker are obtained when the kernel moisture content is 

30 to 35%.12 With a picker-sheller, the decrease in cylinder loss as the season 

progresses shifts the zone of maximum yield recovery to a kernel moisture 
content of 25 to 30%.12 

In the Ohio study of farmer-operated combines,7 the average losses from 

the snapping unit, cylinder, and separating and cleaning totaled 120 kg/ha* 

[1.9 bu/acre] and gathering losses averaged 240 kg/ha* [3.8 bu/acre]. If one 

arbitrarily assumes an average yield of 5.0 to 6.0 Mg/ha* [80 to 95 bu/acre], 

the total average machine loss would be 6 to 7%. In the Iowa plot tests with a 

* Assuming 25.4 kg [56 lb] per bushel. 
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combine in 5 corn varieties,21 machine losses other than gathering losses 

usually totaled less than 1%. At kernel moisture contents of 25 to 20%, total 

machine losses (including gathering losses) were 1 to 4% and gathering losses 
represented 60 to 85% of the total. 

18.10. Kernel Damage. Crackage is of concern because unless the fines 

are screened out they interfere with drying and increase the possibility of 

grain spoiling in storage. United States grading standards specify the max¬ 

imum mass percentages passing through a 4.8-mm [12/64-in.] screen as 2% 

for U.S. No. 1 grade, 3% for No. 2, 4% for No. 3, etc. 

Damage from a rasp-bar cylinder increases with peripheral speed, es¬ 

pecially at speeds above 15.2 m/s [3000 ft/min].8,18 Laboratory studies 
have indicated that damage is considerably less when the ears are fed into 

the cylinder with their axes parallel to the cylinder axis rather than 

longitudinally or in a random orientation.16 Kernel moisture content has a 

significant effect upon damage from either a combine cylinder or a cage-type 

sheller. Results from various studies7,16 indicate that crackage increases as 

the moisture content is changed in either direction from a minimum- 

crackage zone of about 20 to 22% (Fig. 18.8). A similar relation has been ob¬ 

served regarding the effect of moisture content upon damage to wheat or 

oats as determined by germination tests (Section 17.13). 

Kernel moisture content, percent (wet basis) 

Fig. 18.8. Effect of kernel moisture content upon grain crackage from two types of shelling 

units, as determined with a 4.8-mm [12/64-in.] screen. (Data from D.M. Byg and G.E. Hall.7) 

Damage values based on visual inspection of kernels are several times as 

great as crackage percentages determined with a 4.8-mm [12/64-in.] screen. 

Determinations of visual damage from a cage-type sheller have not shown 
an increase as the moisture content was reduced below 20%.12,18 
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The crackage values in Fig. 18.8 were obtained in laboratory tests and are 

based on samples from all the material that passed through the shelling 

units.7 Samples taken from the combine grain tank in field tests do not in¬ 

clude kernel chips too small to be recovered by the cleaning shoe, and hence 

indicate lower damage percentages. In a 3-year field study of over 100 com¬ 

bines in Ohio, the percentage through a 4.8-mm [12/64-in.] screen ranged 

from 0.2 to 7.3% and averaged 1.7%.7 

18.11. Safety in Corn-Harvester Operation. The spiral-ribbed type of 

snapping rolls is inherently dangerous because the rolls cannot be shielded 

completely. Most corn-harvester accidents are caused by the operator trying 

to unclog the snapping rolls while they are running and accidentally touching 

them with his clothing or hand. The straight-fluted type of roll is much safer 

than the spiral-ribbed type because the stripper plates act as shields to 

protect the operator. Safety is also promoted by having an arrangement to 

permit opening spiral-ribbed snapping rolls from the operator’s station in 

case of clogging or imminent clogging. 

REFERENCES 

1. Agricultural Statistics, 1976. USDA. 

2. Annual statistics issue. Implement & Tractor, 9/(22): 16-70, Nov. 7, 1976. 

3. BARKSTROM, R. New developments in field shelling of corn. Agr. Eng., 45:484-485, 

500, Sept., 1964. 
4. BATEMAN, H. P., G. E. PICKARD, and W. BOWERS. Corn picker operation to save 

corn and hands. Illinois Agr. Ext. Circ. 697, 1952. 

5. BELDIN, R. L., and A. B. SKROMME. Shelling attachment for mounted corn picker. 

Agr. Eng., 40:87-91, Feb., 1959. 

6. BURROUGH, D. E., and R. P. HARBAGE. Performance of a corn picker-sheller. Agr. 

Eng., 34:21-22, Jan., 1953. 

7. BYG, D. M., and G. E. HALL. Corn losses and kernel damage in field shelling of corn. 

Trans. ASAE, //(2): 164-166, 1968. 

8. Harvesting corn by combine. A symposium of six papers. Agr. Eng., 36:791-800, 802, Dec., 
1955. 

9. HOPKINS, D. F., and G. E. PICKARD. Corn shelling with a combine cylinder. Agr. 
Eng., 34:461-464, July, 1953. 

10. HULL, D. O. Adjusting the corn picker. Iowa Agr. Ext. Pamphlet 161, 1950. 

11. HURLBUT, L. W. How efficient is your corn harvest? Nebraska Expt. Sta. Quarterly, 

7(2):6-8, Fall, 1952. 

12. JOHNSON, W. H., and B. J. LAMP. Principles, Equipment, and Systems for Corn Har¬ 

vesting. Agricultural Consulting Associates, Inc., Wooster, Ohio, 1966. Available now only 

from Avi Publishing Co., Westport, Conn. 

13. JOHNSON, W. H., B. J. LAMP, J. E. HENRY, and G. E. HALL. Corn harvesting per¬ 

formance at various dates. Trans. ASAE, 6(3):268-272, 1963. 

14. LOGAN, C. A. The development of a corn combine. Agr. Eng., 72:277-278, July, 1931. 

15. Machinery management. Successful Farming, 69(8): 14, June-July, 1971. 

16. MAHMOUD, A. R., and W. F. BUCHELE. Corn ear orientation effects on mechanical 

damage and forces on concave. Trans. ASAE, 73(3):444-447, 452, 1975. 



CORN PICKING AND SHELLING 445 

17. McKIBBEN, E. G. Harvesting corn with a combine. Agr. Eng., 70:231-232, July, 1929. 

18 MORRISON, C. S. Attachments for combining corn. Agr. Eng., 36:796-799, Dec., 1955. 

19. PICKARD, G. E., and H. P. BATEMAN. Combining corn. Agr. Eng., 35:500, 504, July, 

1954. 

20. SMITH, C. W„ W. E. LYNESS, and T. A. KIESSELBACH. Factors affecting the ef¬ 

ficiency of the mechanical corn picker. Nebraska Agr. Expt. Sta. Bull. 394, 1949. 

21. WAELTI, H., W. F. BUCHELE, and M. FARRELL. Progress report on losses associated 
with corn harvesting in Iowa. J. Agr. Eng. Res., 74:134-138, 1969. 



19 

Cotton Harvesting 

19.1. Introduction. The annual production of cotton in the United States 

is usually 10 to 13 million bales. Over 90% of this is harvested mechanically.5 

The two types of machines used are commonly known as pickers and 

strippers. Mechanical pickers are selective in that the seed cotton is removed 

from the open bolls, whereas green, unopened bolls are left on the plant to 

mature for later picking. In high-yielding areas and in other areas where 

serious weather hazards make it important to start harvesting as early as 

possible, it is common practice to go over the field twice, allowing about 4 to 

6 weeks between pickings. Under some conditions a second picking is not 

economically justifiable. 

Strippers, on the other hand, are once-over machines. All bolls, whether 

open or closed, are removed from the plant in a single pass. Harvesting with 

a stripper is, therefore, usually delayed until the plants shed their leaves 

following the first frost. Chemical defoliants and desiccants are sometimes 
applied to permit earlier stripping. 

Mechanical pickers are best adapted to irrigated areas and regions of high 

rainfall where yields are ordinarily high, the fibers are long, the bolls are of 

the open type, and vegetative growth is rank. Strippers have predominated 

in the High Plains, Rolling Plains, and Blackland areas of Texas and in 

Oklahoma, where the plants are small and yields are relatively low.10 Strip¬ 

pers are most successful with plants having storm-resistant bolls and in areas 

with dry weather during the harvest season.10 Pickers are more versatile than 

strippers, tolerating a wider range of plant characteristics and conditions 
and being affected less by grass and weeds. 

The conventional row spacing for cotton has been 97 to 107 cm [38 to 42 

in.]. However, considerable research relative to narrow row spacings and 

high plant populations has been conducted since the early 

1960s.2’13-15’17’23’25’26 There has been increasing grower interest in this system 

since about 1970 when continuous-width strippers suitable for narrow-row 

cotton became commercially available. Appreciable narrow-row plantings 

were made by growers in several states in 1970, and the area increased sub¬ 
stantially in 1971 and 1972.25>26 

Single-row, narrow spacings have been mostly 15 to 51 cm [6 to 20 in.], 

planted on a flat seedbed. Another common pattern has 2 rows, usually 30 to 

41 cm [12 to 16 in.] apart, on beds having 102-cm [40-in.] center distances. 

Bed planting and the 51-cm [20-in.] single-row spacing permit cultivation for 

446 
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weed control. Plant populations in research studies have ranged from the 

conventional 86 000 to 124 000 plants per hectare [35,000 to 50,000 plants 

per acre] to well over 494 000 plants per hectare [200,000 plants per acre]. 

The primary objective of narrow-row, high-population culture is to in¬ 

crease net profits by reducing production costs and/or increasing yields. An 

important means of reducing costs is by developing varieties and cultural 

practices that result in a short fruiting season and early maturity. Once-over 

harvesting then becomes feasible, fewer cultivations are required, and some 

late-season insecticide applications are eliminated. 

Although there has been some success in meeting these objectives, results 

have been somewhat varied.2-13’17’25’26 Yields may be increased 10 to 20% by 

narrow-row planting,2’17’26 but under some conditions have been reduced.25 

Weed control is more difficult than in conventional row spacings. Varieties 

available in 1976 were not well-adapted for narrow-row plantings in some 
areas. 

MECHANICAL PICKERS 

19.2. Development. The first patent pertaining to mechanical picking of 

cotton was issued to Rembert and Prescott in 1850." Hundreds of patents 

covering various types of cotton harvesting devices have since been granted. 

The first commercial pickers appeared in the early 1940s, but it was not until 

1946 that these machines were manufactured in any appreciable volume. By 

1964 there were approximately 53 000 pickers in use in the United States.20 

19.3. Picker Arrangements and Basic Requirements. Essentially, a 
mechanical picker consists of the following functional units (Fig. 19.1). 

1. An arrangement for guiding the cotton plants into the picking zone and 

providing necessary support while the seed cotton is being removed. 

2. Devices to remove the cotton from the open bolls. 

3. A conveying system for the picked cotton. 

4. A storage basket or container in which the picked cotton can be ac¬ 
cumulated. 

Most present-day models of pickers are two-row, self-propelled machines. 

However, a one-row model that can be mounted on a special high-clearance 

tractor, interchangeably with boom-type or row-crop sprayers, was available 

in 1976. 

A mechanical picker must be capable of gathering mature seed cotton* 

with a minimum of waste and without causing serious damage to the fiber, 

plant, or unopened bolls. To ensure the highest possible grade of ginned cot¬ 

ton, the harvested material should have a minimum of leaves, stems, hulls, 

*Seed cotton consists of individual cotton seeds surrounded by lint, as produced within the 

“shell” (burs) of the bolls. 
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Fig. 19.1. Typical arrangement for a mechanical cotton picker. A model from the early 1950s 

is depicted, but the basic arrangement is similar on present-day pickers. (Courtesy of Inter¬ 

national Harvester Co.) 

weeds, and other foreign matter entwined in the lint. How well this require¬ 

ment is met depends somewhat upon how gently the plant is handled while it 

is passing through the machine. Streamlining of the plant passageway, the 

use of suitable limb lifters, and synchronization of moving picker parts with 

the forward travel of the machine all tend to minimize disturbance of the 
plant. 

19.4. Spindles. The basic principle of a revolving spindle penetrating the 

cotton plant, winding the seed cotton from the open boll, and retreating to a 

doffing zone is employed by all the commercial pickers now available. The 

rearward movement of,the spindles while in the picking zone is substantially 

the same as the forward movement of the machine (generally 3.2 to 5.6 

km/h [2 to 3>/2 mph]) so that the spindles, while in the picking zone, do not 

move forward or backward with respect to the cotton plant. Each rotating 

spindle merely probes straight into the cotton plant from the side of the row, 

works on an open boll if it encounters one, and then withdraws straight out 

to the side with a minimum of disturbance and damage to the remainder of 

the plant. The spacing of the spindles — approximately 38 X 38 mm [IV2 X 

IV2 in.] — is such that they can slip past unopened bolls and leave them on 
the plant to mature for a later picking. 

Current models of mechanical pickers have either tapered spindles or 

small-diameter straight spindles. The spindles are carried either on bars 
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arranged in vertical drums or on vertical slats attached to endless chain 
belts. 

Tapered spindles, commonly employed on drum-type pickers, have 3 or 4 

longitudinal rows of sharp barbs for engaging the cotton (Fig. 19.2). Their 

tapered shape facilitates removal of the cotton (doffing) after they leave the 

picking zone. Spindle speeds range from about 1850 r/min at a forward 

speed of 2.9 km/h [1.8 mph] to 3250 r/min at 5.0 km/h [3.1 mph]. 

In a series of laboratory tests,4 speed of tapered spindles had a marked ef¬ 

fect upon picking efficiency. For fluffy bolls, the efficiency increased from 

80% at 700 r/min to 95% at 2300 r/min, remained constant from 2300 to 

3900 r/min and then declined slightly at 4700 r/min. The loss at the slower 

speed consisted of cotton left in the burs, whereas most of the loss at higher 

speeds was cotton thrown by the spindles. The picking efficiency of knotty 

bolls that had opened before maturity (contained hard locks) increased 

linearly with spindle speed, from 49% at 700 r/min to 72% at 3900 r/min. 

These results suggest the desirability of being able to increase spindle speeds 
in fields of knotty cotton. 

Fig. 19.2. Elements of a drum-type spindle picker, (a) Plan view of picking drums; (b) spindle¬ 

moistening pads; (c) spindles projecting into plant through grid section; (d) doffers. (Courtesy of 

Deere & Co.) 
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Horizontal spacings of 33, 40, 46, and 52 mm [l5/i6, 19/i6, 113/i6, and 2 '/i6 
in.] were compared in these same tests, maintaining the vertical spacing at 

41 mm [l5/8 in.]. The picking efficiency of fluffy cotton remained constant 

for the 3 smallest spacings but was significantly lower with the 52-mm spac¬ 

ing. With knotty cotton bolls, the efficiency decreased with each 6-mm in¬ 

crease in spacing. 

Straight spindles are commonly employed on chain-belt pickers (Fig. 
19.3). They are longer than the tapered type and are considerably smaller in 

diameter. They may be round or square and may have a smooth or 

roughened surface. In one machine the spindles are double-barbed for more 

aggressive action. In general, their picking ability depends primarily upon 

the spindles being wet when they contact the cotton. On present-day 

machines, spindles of this type are generally rotated at a speed of about 1250 

Fig. 19.3. Elements of a chain-belt type of spindle picker, (a) Plan view of a picker unit; (b) por¬ 

tion of a spindle slat, showing loaded spindles at left and knurled drive rollers at right; (c) rear 

view of picker unit, with some of slats removed to show the spindle drive rails; (D) spindle 

moistener; (E) spindles in picker zone; (F) spindle stripper bars; (G) elevator. (A prior produc¬ 

tion model, courtesy of Allis-Chalmers.) 
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r/min (at 4.8 km/h [ 3 mph ]) while in the picking zone and are not driven 

during the remainder of the cycle. 

19.5. Drum-Type Spindle Arrangements. The elements of a typical 

tandem-drum picker are shown in Fig. 19.2. The two drums pick from the 

two sides of the row in succession. A spring-loaded, adjustable pressure plate 

opposite each drum crowds the plants toward the spindles in the picking 

zone. The clearance between the pressure plate and the ends of the spindles 

varies from 6 to 25 mm [V* to 1 in.], depending upon the size and density of 

the plants. In current high-drum machines the front drum has 15 or 16 spin¬ 

dle bars and the rear drum has 13 or 12 bars, with 20 spindles per bar. This 

gives a total of 560 spindles per row of cotton, each spindle requiring a 
precision-Fit sleeve bearing and being driven through bevel gears by a shaft 

inside the spindle bar. Low-drum pickers have only 14 spindles per bar. They 

are suitable for low-growing or medium-height cotton. 

The proper orientation of the spindle bars in relation to the row (or to the 

doffers) is obtained by means of a stationary cam and followers on the bars. 
All linear motion of the spindles while in the picking zone is at right angles 

to the row. The spindles enter the cotton plant through a grid section (Fig. 

19.2c) which subsequently prevents the plants from being pulled into the dof¬ 

fing area as the loaded spindles withdraw. 

In measurements made by Corley,4 a drum-type picker moved approx¬ 

imately 240 mm [9.5 in.] along the row during the feed-in and return move¬ 

ment of the spindles. This gave a picking time of 0.20 s for a machine speed 

of 4.3 km/h [2.7 mph]. Four exposure times (0.16, 0.20, 0.24, and 0.28 s) 

compared in the laboratory showed no effect upon picking efficiencies. 

19.6. Chain-Belt Spindle Arrangement. The picking process with a chain- 

belt unit is essentially the same as with the drum-type picker, although the 

chain-belt principle (Fig. 19.3) permits the spindles to remain in the picking 

zone for a longer time. In currently available pickers, the chain-belt units 

have straight spindles. The standard-height picking unit illustrated in Fig. 

19.3 has 80 vertical slats, each with 16 spindles (total of 1280). High units 

have 22 spindles per bar. Each spindle is rotated by means of a roller in con¬ 

tact with a stationary drive rail (Fig. 19.3c), but only while on the picking 

side of the unit. 

Guide strips (Fig. 19.3c, top) hold the chains in position between the main 

sprockets and provide the proper curvature for moving the spindles laterally 

into and out of the row. Each spindle slat is pivoted between the upper and 

lower chains. While the spindles are being rotated, the action of the drive 

rollers on the rails maintains the spindles in a position normal to the cur¬ 

vature of the drive rails. As the spindles approach the stripper (F in Fig. 
19.3a), contact with a stationary restraining block or hqld-back device 

rotates the slats to angle the spindles toward the rear and thus orient them 

for the stripping operation. 
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Machines having the chain-belt arrangement and straight spindles or¬ 

dinarily pick from only one side of the row, as illustrated in Fig. 19.3. 

However, one manufacturer of a 2-row machine has a model on which the 2 

picking units are arranged in tandem to pick a single row from both sides. 

This arrangement is intended for use in cotton having exceptionally high 

yields. 
19.7. Spindle Moistening. Spindles of either type are moistened with 

water for two reasons: (a) as an aid to picking because cotton adheres better 

to a wet steel surface and (b) to keep the spindles clean. Spindles pick up a 

gummy substance from the plants which, if allowed to accumulate, will 

collect dust and trash and thus interfere with picking. The addition of a wet¬ 

ting agent (detergent) reduces the amount of water required for moistening 

and at the same time makes it more effective. 

A spindle-moistening system is provided for each picking unit, water be¬ 
ing metered in equal amounts to each level of spindles. Application is made 

to each spindle, just before it enters the picking zone, by means of a specially 

designed rubber wiping pad (Fig. 19.26 and part D in Fig. 19.3a). 

19.8. Removal of Cotton from Spindles. On machines with tapered spin¬ 

dles, the seed cotton is removed from the spindles by means of rotating dof- 

fer plates (Fig. 19.2c/). The clearance between the surface of the spindle and 
the rubber lugs on the doffer should be between 0.25 and 0.75 mm [0.010 and 

0.030 in.]. The cotton is forced off as the doffer lug moves over the spin¬ 

dle surface toward the tip. With the small-diameter straight spindles, strip¬ 

ping is accomplished by moving the spindles axially through the spaces be¬ 

tween closely fitted stripper shoes (F in Fig. 19.3a). Tapered spindles are 

rotating when doffed, whereas small-diameter, straight spindles are not. 

19.9. Conveying and Carrying. A pneumatic conveying system (Fig. 19.1) 

is used to move the cotton from the doffing area to the storage basket on the 

picker. The cotton is blown through the discharge ducts against cleaning 

grates in the basket lid. This action removes some of the trash from the seed 

cotton. Machines with dual picking units have 2 separate elevating systems 

(2 blowers) to provide more uniform and positive conveying from each unit. 

Some machines use offset-fan arrangements to eliminate contact between 

the cotton and fan blades. Others introduce air into the conveying ducts im¬ 

mediately above the picker units to accomplish the same result. 

Basket capacities on 2-row pickers are generally 1.2 to 1.6 Mg [2700 to 

3600 lb]. Mechanical compacters are employed to achieve the higher values 

within this range. Baskets are emptied by hydraulically lifting and rotating 
them about the upper edge of one side. 
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MECHANICAL STRIPPERS 

The cotton stripper is an outgrowth of the homemade cotton sleds that 

came into widespread use in the High Plains region of Texas in 1926.19 As 

early as 1914, sleds equipped with a section of picket fence were employed 

to salvage the cotton crop in the Plains area. The practice in this region, 

before the stripper was introduced, was to hand-snap the cotton bolls rather 

than to pick the seed cotton from the burs. In 1964 there were approximately 

40 000 strippers in use in the United States.20 

Several factors have contributed to an increase in popularity of strippers 

in preference to pickers. They are: (1) lower first cost; (2) lower maintenance 

costs; (3) improved cotton varieties better adapted to stripping; (4) improved 

strippers employing flexible rolls, green-boll separation, and first-stage 

cleaning; (5) improved ginning equipment for separating trash; (6) trend 

toward closer row spacing; (7) good recovery of cotton in the field; and (8) 

higher harvesting speeds. 

19.10. Principles and Development. Mechanical stripping of cotton is ac¬ 

complished by forcing the plants through an area too small for the bolls to 

pass. The snapped bolls are collected in the machine while the plants remain 

in place in the row. In removing the bolls, an upward and forward force is 

applied to the plant. Since this force must be opposed by the root system, the 

plants must be firmly anchored in the row. Current models of strippers are 

either brush-type or finger-type units. 

Brush-type strippers, used primarily on standard single-row plantings, 

employ a pair of rolls that are approximately 1020 mm [40 in.] long and 150 

mm [6 in.] in diameter and are mounted at an angle of about 30° above 

horizontal (Fig. 19.4). Their surfaces are fitted with longitudinal brushes 

alternated with rubber flaps. The rolls are driven at about 600 r/min, with 

their adjacent surfaces moving upward next to the plants. Note that this is 

opposite to the direction of rotation of corn-snapping rolls. As the bolls are 

snapped off, they are moved away from the plants by the surface of the rolls 

and delivered onto adjacent conveyors. The flexibility of the roll surfaces 

permits a degree of automatic adjustment for light and heavy growth. The 

spacing between the rolls can be adjusted manually to meet extreme condi¬ 

tions. 

Finger-type strippers (Fig. 19.5) were developed in the 1960s,15,23 and have 

been available commercially since 1971. The fingers comb upward 

-through the plants as the harvester moves forward. Each entire plant must 

pass through the narrow space between two adjacent fingers. A continuous- 

width finger stripper can be used for any row spacing or for random 

plantings. Although originally developed primarily for narrow-row 

cotton,15,23 they are also used for conventional single-row spacings in low- 

yielding, dry-land cotton. 
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Fig. 19.4. Brush-type cotton stripper. The 

rolls are fitted with longitudinal brushes alter¬ 

nated with rubber paddles. Cotton bolls are 

discharged from the rolls into auger con¬ 

veyors. (Courtesy of Hesston Corp.) 

Fig. 19.6. Extractor unit for separating 

seed cotton from the burs and other 

foreign material. (Courtesy of Hesston 

Corp.) 

Fig. 19.5. A continuous-width finger-type stripper. The space between fingers is about 16 

mm [5/s in.]. The reel above the rear ends of the fingers pushes detached bolls into a cross 

auger. A small-diameter rotating drum with longitudinal saw-tooth fins attached is located 

beneath the rear ends of the fingers and exerts a downward pull on the stalks. 



COTTON HARVESTING 455 

Finger-stripper heads are simpler and less expensive than brush-type 

heads and require very little maintenance, but work well only under a rather 

limited range of conditions. They do not work satisfactorily under damp 

conditions, if the plants have not been well defoliated, or if the plants are 

large and heavily branched — conditions often encountered in irrigated 

narrow-row plantings. 

In 1974 a conventional brush-type stripper head was modified experimen¬ 

tally at the California Agricultural Experiment Station to fit double rows 30 

to 41 cm [12 to 16 in.] apart on beds having center distances of 97 to 102 cm 

[38 to 40 in.]. This stripper performed well over a wide range of plant condi¬ 

tions, and field losses were considerably less than with a finger stripper. But 

a brush-type stripper can be used only on row spacings that approximate the 

center-to-center distances between pairs of rolls. 

Brush-type strippers for conventional single-row plantings are usually 

two-row units, either self-propelled or tractor-mounted. All current models 

of continuous-width finger-type strippers are self-propelled and have strip¬ 

ping heads that are 3.91 m [154 in.] wide. One model also has a 1.93-m [76- 

in.] head available for use in heavy-yielding cotton. Strippers of either type 

often have provision for separating mature cotton from the heavier, un¬ 

opened green bolls with an upward-moving air stream.14 The mature cotton 

is conveyed pneumatically to the storage basket on the harvester. The green 

bolls drop from the air stream into a container from which they are dumped 

onto the turnrow (headland) for possible salvage at a later date. Some strip¬ 

pers are also equipped with gin-type extractor units (Fig. 19.6) that remove 

at least a portion of the burs, sticks, and other foreign material from the seed 

cotton. 

FACTORS AFFECTING MECHANICAL HARVESTING 

19.11. Varietal Characteristics. Plant breeders in most of the cotton- 

producing states are continuing to develop new varieties more suitable for 

mechanical harvesting. Emphasis has been divided between cotton suitable 

for picking and cotton suitable for stripping, depending upon the area 

served. 
Smith and Jones19 describe the ideal variety for stripping as one producing 

a semidwarf plant having relatively short-fruiting, short-noded branches, 

storm-resistant* bolls borne singly but having fairly fluffy locks for good ex¬ 

tracting, and a medium-size boll stem that can be pulled from the limbs with 

a force of 13 to 22 N [3 to 5 lbf]. Stripping a variety that produces a wide, 

spreading plant with numerous vegetative and fruiting branches results in 

low recovery of cotton and excessive field losses. 

*“Storm resistance” in cotton (or stormproof) refers to a characteristic whereby the bolls 

tend to resist shattering from the burs when subjected to the action of wind and rain. 
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Varieties for narrow-row planting should have the general characteristics 

indicated above for conventional-row stripper varieties. However, because of 

the higher plant populations, fewer bolls per plant are needed to produce a 

given yield. The plants should be determinate in their growth and fruiting 

characteristics, with a short fruiting period and early, uniform maturity. 

Tests have shown no correlation between spindle-picker performance and 
the size of the bolls.4,8 Cotton bolls exhibiting too much of the storm- 

resistant characteristic, although well-adapted to stripping, are difficult to 

pick mechanically. Tests with spindle pickers in Arkansas,22 for example, 

showed a picker efficiency of only 88% in a variety developed primarily for 

stripping, as compared with 94% in a variety more suitable for mechanical 

picking. Stripper efficiencies in the same varieties were 96 and 95%, respec¬ 
tively. 

The size of the plant, the type of growth, and the nature of the boll all have 

more influence on the efficiency of the mechanical picker than does the 

yield. Where the plant characteristics are suitable, a machine will pick high- 

yielding cotton just as efficiently as it will low-yielding cotton.19 

Corley5 has pointed out that it takes approximately 100 000 cotton bolls 

to produce one 225-kg [500-lb] bale of lint. Since there are 4 or 5 locks in 

each boll, there are over 400 000 opportunities for picker losses with the har¬ 
vest of each bale. Therefore, the physical characteristics of the boll influence 

the effectiveness of spindle pickers. In Alabama tests,4 for example, the 

picker efficiency was 95% for fluffy bolls as compared with 90% for 

weathered bolls (subjected to 102 mm [4 in.] of rain), and 65% for knotty 
bolls (contained hard locks). 

19.12. Plant Population and Spacing.* Plant spacing within conventional 

single rows seems to have no great effect on the performance of either 

pickers or strippers. Reasonably uniform spacing within the row is desirable 

for strippers because skips cause adjacent plants to grow more rank. Com¬ 

parative tests at the Shatter Station (California) with spindle pickers in hill- 

dropped and drill-planted plots having equal plant populations (120 000 

plants per hectare in 1949 tests and 88 000 in 1950 tests) showed no dif¬ 

ference in either picker efficiency or the amount of trash collected.21 

Other tests at the Shatter Station, in drill-planted stands ranging from 

20 000 to 168 000 plants per hectare, showed very little difference in picker 

efficiencies for populations above 49 000 plants per hectare and only a slight 
decrease at the lower populations (Fig. 19.7). Picker efficiencies in Alabama 

irrigated-cotton tests6 during 1960 and 1961 averaged 90.4% with 20 000 

plants per hectare and increased from 93.0 to 95.1% between 49 000 and 

198 000 plants per hectare. Populations from 36 000 to 141 000 plants per 
hectare in nonirrigated cotton had little effect on either stripper or picker ef¬ 
ficiencies.6 

♦Plants per acre = 0.405 X (plants per hectare). 



COTTON HARVESTING 457 

In actual production practice, plant populations with 102-cm [40-in.] 

single rows may range from 37 000 to 148 000 plants per hectare.17 Cotton 

can tolerate a rather wide range of populations without greatly affecting the 

yields.6,13,22 
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Fig. 19.7. Effect of plant population upon height of first fruiting node and upon picker ef¬ 

ficiency. (Data from Tavernetti and Miller.20) 

Decreasing the in-row spacing (greater plant population) has the desirable 

effect of raising the height of the lowest fruiting branches on the plants. This 

relation is illustrated in Fig. 19.7. Similar results were obtained in Alabama 

tests6 and in Texas.2,13 Raising the fruiting zone makes the height adjust¬ 

ment for the picking or stripping unit less critical and, under adverse condi¬ 

tions, may improve harvester performance. The Texas results13 showed that 

for a given plant spacing within the row there were no consistent differences 

between the average heights of the lowest fruiting branchs for single-row 

spacings of 13, 25, 51, 76, and 102 cm [5, 10, 20, 30, and 40 in.]. 

19.13. Weed Control and Cultivation Practices. Weeds and grass not only 

compete with the cotton plants for water and soil nutrients, but also interfere 

with harvesting and lower the grade of ginned cotton. Grass is extremely dif¬ 

ficult to remove at the gin. Various combinations of late cultivation, 

chemical weeding, and flame weeding (Chapter 11) are employed in at¬ 

tempting to reduce weed populations to a minimum. 

Good weed control is especially important and difficult to attain in 
narrow-row plantings. The development of effective pre-emergence her¬ 

bicides has greatly enhanced the possibilities for effective weed control in 

both narrow-row and conventional plantings. 
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The shape of the row profiles left by the final cultivation is important in 

regard to mechanical harvesting. Final profiles should be uniform in height, 

width, and shape, should be smooth and free of clods, and should have the 

crest at the base of the cotton stalks. 

19.14. Defoliation. When practiced in conjunction with mechanical pick¬ 

ing or stripping, defoliation serves three valuable purposes, namely, removal 

of the bulk of the leaves that, tend to interfere with machine harvesting, 

prevention of green-leaf stain on the lint, and elimination of a source of dry 

leaf trash that is difficult to remove at the gin. Chemical defoliation inflicts a 

mild injury and causes a slow drying of the leaves so that leaf abscission 

(detachment) can proceed in the normal manner. Chemical desiccants or a 

hard frost may kill the entire plant, in which case normal abscission does not 
occur and most leaves remain attached. 

Chemical defoliants (or desiccants) are usually applied in the form of 

sprays, with either ground rigs or aircraft (Chapter 13). In regions where 

vegetative growth is extensive and defoliation is most needed, difficulty has 

been experienced in obtaining sufficient penetration and leaf coverage to en¬ 

sure a thorough job. Two applications are sometimes made when growth is 
heavy. 

Studies of thermal defoliation of cotton were initiated in 1962 at the 

Oklahoma Agricultural Experiment Station because of inconsistent results 
obtained with chemical defoliants.1 A two-row field machine was developed, 

utilizing LP-gas burners to heat air that was mixed with the exhaust gases 

and recirculated through the plants in a hooded area by means of a blower. 

High-velocity air streams across the front and rear of the hood created air 

curtains or heat barriers. Results from 3 years of testing (1966 through 1968) 

indicated that 70% defoliation could be obtained with an exposure time of 4 

to 6 s (controlled by forward speed) and corresponding air temperatures of 

370 to 260°C [ 700 to 500°F ]. Defoliation rates in excess of 90% have been 

achieved under some conditions. Excessive temperatures or exposure times 

resulted in desiccation, with the leaves dried but more of them remaining on 
the plants. 

The cost for LP gas in these tests was about $3.70/ha, compared with 

$4.90 to $7.40 per hectare for the defoliation chemical, but a thermal 

defoliator is a fairly costly, specialized piece of equipment. Properly applied 
thermal treatment had no effect on cotton fiber properties.1 

EFFECTS AND COSTS OF MECHANICAL HARVESTING 

19.15 Gin Turn-Out. When seed cotton arrives at the gin it contains dirt, 

hulls, moisture, leaf fragments, stems, and other trash such as weeds and 

grass. With stripped cotton, the burs are also included. The gin must remove 

this foreign matter in addition to separating the lint from the cottonseed. 

Thus the gin plays an important role in the overall mechanization picture. 
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Gin turn-out (or lint turn-out) is the ratio of the mass of the recovered lint 
to the mass of the field-run seed cotton. For example, a gin turn-out of 36% 
means that approximately 635 kg [1400 lb] of seed cotton from the field are 
required to obtain a 225-kg [500-lb] bale of lint. The presence of excessive 
amounts of trash and other foreign matter reduces the gin turn-out, in¬ 
creases, the cost of ginning, and lowers the final grade of the lint. 

Watson,24 in 1951, reported average gin turn-outs as follows: 

Hand-picked 37% 
Machine-picked 36% 
Machine-stripped 23% 

Results reported for other areas 6.9.13,18 are jn remarkably close agreement 

with the above figures. 
Including extractors on mechanical strippers (Fig. 19.6), to give a first- 

stage cleaning in the field, increases the gin turn-out. 
19.16. Cotton Grades. Machine-picked cotton averages lower in grade 

than hand-picked cotton. Although improvements in harvester operation, 
cultural practices, chemical defoliation, and ginning facilities have helped 
narrow the difference, there is still a grade reduction that may represent a 
loss of 5 to 10% of the crop value in comparison with hand picking.3,18 

The principal ways in which mechanical pickers can reduce grades of lint 
below the grades that might be obtained by hand picking are: 

1. Discoloration of lint by green leaves and by oil and grease from the 
machine. 

2. Introduction of additional amounts of weeds, grass, and trash from the 
cotton plant. 

3. Addition of excessive moisture (from spindle moistening) to the lint 
and trash, thus making trash removal at the gin more difficult and in¬ 
ducing graying or mildew if ginning is delayed. 

4. Twisting or tangling of the lint by the spindles, thereby increasing dif¬ 
ficulties associated with ginning. 

The grade of stripped cotton may be reduced by the introduction of trash, 
because of the inherent blending of immature cotton with mature cotton, 
and because of weathering of the lower bolls while waiting for the upper 
bolls to open.10 

19.17. Field Losses. Field losses may be in the form of cotton dropped 
prior to harvesting (preharvest loss), cotton left on the plants by the har¬ 
vester, or cotton dropped by the harvester. Preharvest losses vary con¬ 
siderably among different varieties and in different areas. With conventional 
single-row plantings of open-boll varieties, preharvest losses are likely to be 
greater for stripping than for mechanical picking because stripping must be 
delayed longer to permit maturing of a high percentage of the bolls.22 
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Probably the greatest single factor affecting machine loss is the skill of the 

operator. Other factors (most of which have already been discussed) include 

weeds and grass in the row, varieties not well-adapted to the type of har¬ 

vester used, poor row profile, uneven or insufficient headland for turning, 

poor defoliation, improper spindle speed in the case of pickers, climatic con¬ 

ditions, plant population, and the mechanical condition of the machine. 

General experience with spindle pickers indicates that, with careful atten¬ 

tion to the various production and machine-operating factors involved, 

machine losses will usually be 5 to 10% of the yield.6’16'21 Under less 

favorable conditions, picker losses may be as great as 15 to 20%. Strippers 

operating in suitable varieties often have losses of only 2 to 5%.6’15’16’19 Un¬ 

der comparable conditions in either open-boll or storm-resistant varieties, 

losses with brush-type strippers tend to be lower than picker losses.6,22 

19.18. Costs of Mechanical Harvesting. The costs of mechanical picking 

are characterized by high fixed charges, because of the high new cost of the 

machine, and by high repair costs. Since strippers are simpler machines and 

have a much lower new cost than mechanical pickers, harvesting costs per 
hectare are considerably lower for stripping. 

The amount of cotton harvested per season is an important factor in 

determining the harvesting cost per bale, especially for mechanical pickers. 

Strippers, because of their lower fixed costs, are economically feasible for 
smaller areas than are pickers. 

When comparing pickers and strippers, charges for field losses (pre¬ 

harvest and machine), grade loss, and the increase in ginning costs for strip¬ 

ped cotton versus picked cotton must be added to the harvesting costs. When 
comparing two different production systems, such as narrow-row cotton 

versus conventional row spacings, differences in yields and in the costs of 
various cultural operations must also be considered. 

HANDLING AND STORING SEED COTTON 

In the conventional system of handling, the seed cotton is dumped from 

the picker or stripper basket into trailers parked on the turnrow. The filled 

trailers are towed to the gin and the cotton remains in them until ginned. 

This system creates an undesirable scheduling interdependence between the 

harvesting and ginning operations. Growers sometimes have to stop har¬ 

vesting because all their trailers are full, waiting to be ginned. Gins may have 

to work short shifts or shut down temporarily because of lack of cotton if ad¬ 
verse weather interferes with the harvesting operation. 

Storing at least a portion of the crop between harvesting and ginning 

alleviates both of these problems. Growers can complete their harvest at an 

earlier date, with less possibility of grade losses or yield reductions due to 

adverse weather. Gins can operate on a regularly scheduled basis and for a 
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longer period of time, thereby reducing ginning costs per bale. Various 

systems of seed cotton storage were used to a limited extent by a few growers 

and gins in the 1960s. Following the development of new methods and new 

equipment in the early 1970s, there has been a dramatic increase in the 

amount of seed cotton stored each year. The two most common storage 

systems are known as ricking and moduling. 

19.19. Ricking.7 In this storage system, the cotton is dumped from the 

harvesters into a slip form (ricker) that is moved along the turnrow. The 

ricker makes continuous stacks as long as desired — usually 24 to 36 m [80 

to 120 ft]. The cotton is moderately compacted, either with a mechanical 

device or manually, while still within the ricker. Mechanically compacted 
ricks are generally 2.1 to 2.3 m [7 to IVi ft] wide and 1.5 to 1.8 m [5 to 6 ft] 

high. Ricks are generally covered with plastic for protection against rain and 

wind. The ricked cotton remains in the field until needed for ginning. It is 

then loaded into conventional cotton trailers, usually with a tined, scoop- 

type loader that can pick up as much as 680 kg [1500 lb] of seed cotton at 

one time. 

19.20. Module System.12 With the module system, seed cotton is dumped 

from the harvester baskets into a four-sided form having an openable rear 

door. This unit, known as a module builder, was developed by the 

Agricultural Engineering Department at the Texas A & M University in 

1971. It has a traversing, mechanical compacter and compresses the seed 

cotton into high-density stacks 2.1 to 2.3 m [7 to IVi ft] wide, 7.3 or 9.75 m 

[24 or 32 ft] long, and usually 1.8 to 2.1 m [6 to 7 ft] high. The width and 

length depend upon the dimensions of the module builder. Each module is 

free-standing after the module builder has been raised on its wheels and 

pulled forward (with rear door opened). 

The modules are built on wood or metal pallets or directly on the ground. 

Pallet modules are hydraulically winched onto specially built tilt-bed 

trailers. Modules built directly on the ground can be picked up and hauled, 

intact, with tilt-bed module-mover trucks that have parallel roller chains 

running lengthwise of the bed to support and convey the module (similar to 

haystack movers described in Section 15.2). When loading, the forward 

speed of the chains relative to the truck is synchronized with the rearward 

speed of the truck so that the chain legs on top of the bed essentially stand 

still with respect to the ground as the tilted bed moves under the module. 

When unloading, the chains move rearward as the truck moves forward. 

Modules may be hauled directly to the gin feeder station for immediate 

ginning or they may be stored, perferably in the gin yard, until needed by the 

gin. Either pallet modules or palletless modules will remain intact through 

several loading and unloading cycles. Modules to be stored in the Field or 

elsewhere are covered with plastic or canvas as soon as they are completed. 

Modules not covered for storage are generally covered temporarily for 

transport. 
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PROBLEMS 

19.1 How many revolutions does each spindle of a cotton picker make while in the picking 

zone, 

(a) For a drum-type arrangement in which each spindle has a rotational speed of 2700 r/min 

at 4.4 km/h and remains in the picking zone during 150 mm of forward travel? 

(b) For a chain-belt arrangement in which each spindle has a rotational speed of 1250 r/min 

at 4.8 km/h and remains in the picking zone during 760 mm of forward travel? 

19.2. The following data were obtained in a test of a 2-row cotton picker operating on 102- 

cm rows: length of test run = 20 m; time = 15.0 s; preharvest loss = 242 g of clean seed cotton; 

machine loss on the ground = 316 g of clean seed cotton; machine loss on the plants = 114 g of 

clean seed cotton; amount of material harvested = 7.4 kg; total trash in 300-g sample of har¬ 

vested material = 15.7 g. Calculate: 

(a) Percent trash in harvested sample. 

(b) Gross yield of clean seed cotton in kilograms per hectare, including preharvest loss. 

(c) Preharvest loss, in percent of gross yield. 

(d) Machine performance efficiency, in percent. 

(e) Harvested yield of lint, in number of 225-kg bales per hectare, assuming 35% gin turn-out. 

(f) Harvest rate in hectares per hour, assuming 75% field efficiency. 



20 
Root Crop Harvesting 

20.1. Introduction. Irish potatoes, sugar beets, and peanuts are the ma¬ 
jor root crops produced in the United States. About 600 kha [IV2 million 
acres] of each were grown in 1975.' The total value of the Irish potato crop 
each year is about twice the value of the sugar beet crop or the peanut crop. 
Harvest mechanization of all three of these crops is well-advanced. 

Sweet potatoes and onions are next in importance, but each represents 
only 2 to 3% of the total United States root-crop plantings.1 Progress toward 
fully mechanized harvesting has been slower than with the three major root 
crops. 

SUGAR BEET HARVESTING 

Mechanical sugar beet harvesters were first used to an appreciable extent 
in 1943. Prior to the development of mechanical harvesters, sugar beets were 
loosened in the soil with special plows or lifter blades and then the unwanted 
top portions were cut off individually by hand. Virtually all the United 
States crop is now harvested mechanically. Reference 10 includes an ex¬ 
cellent review of research studies and equipment development, since the 
early 1930s, pertaining to sugar beet harvesting. 

The basic operations performed in mechanical harvesting are (a) either 
rotary flailing to remove top growth or cutting off the unwanted top portion 
of the beets at the desired height, (b) appropriate disposition of the tops to 
prevent interference with the other steps in the harvesting operation, (c) 
loosening the beets from the soil, (d) elevating the beets and separating them 
from clods and other foreign material, and (e) depositing the cleaned beets in 
a truck or trailer or in a tank on the harvester. 

20.2. Topping. This operation may be performed while the beets are still 
in the ground (in-place topping), or it may take place in the machine after 
the beets have been lifted. In-place topping may be done with the harvester 
or as a separate operation. In the latter case, the tops are windrowed and 
later picked up for livestock feed. An extension may be used on the wind- 
rower to place two windrows together. In regions where the beets are 
processed immediately after harvesting, the vegetative top growth is usually 
removed with flail shredders and no further topping is done. In areas where 
beets are stockpiled for later processing, removal of the top portion of the 
beet is essential for safe storage. 

464 
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The ideal thickness of crown to be removed in the topping operation is 
related to the size of the beet. Topping standards set up by the sugar beet 
processors for hand topping prior to the development of mechanical har¬ 
vesters specified that beets up to 95 mm [3% in.] in diameter be topped at the 
lowest leaf scar and larger beets be topped 19 mm [% in.] above the lowest 
leaf scar.15 As a basis for-approaching this hand-topping standard with 
machine topping, Powers15 made measurements on individual beets in fields 
throughout several western states. 

0 25 50 75 100 125 150 

Beet diameter, millimetres 

Fig. 20.1. Relation of sugar beet heights and topping planes to sugar beet diameters. (J. B. 

Powers.15) 

Curves A and B in Fig. 20.1 indicate the results of these measurements, 
showing the height of the top of the beet and the height of the lowest 
leaf scar in relation to the greatest diameter of the beet. Each plotted point 
represents the average of measurements of several hundred beets. The dif¬ 
ference between curves A and B is the crown thickness. Curve C indicates 
the height of the topping plane above ground level if the hand-topping stan¬ 
dards were to be met. Curve D represents an approximation of curve C that 
can readily be obtained with a mechanical linkage between the finder and the 
knife. To satisfy curves A and D, a gaging device (finder) that rides over the 
tops of the beets must lift the knife 0.71 cm for each centimetre the finder is 
raised. 

A topper based on this variable-cut principle was built at the University of 
California,15 and its performance approached the precision of hand topping. 
Some commercially available harvesters with in-place topping use the 
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Fig. 20.2. A three-row sugar beet topping unit employing rotating topping disks and shoe-type 

finders. A variable-cut linkage is used between the finders and the disks. Converging wheels lift 

the topped beets. Row finders for automatically centering the lifting wheels on the beet rows 

(not shown) are optional. (Courtesy of Deere and Co.) 

variable-cut principle (Fig. 20.2). Machines that top the beets after they have 
been lifted (Fig. 20.4), as well as some machines with in-place topping, 
remove approximately the same thickness of crown from all beets, re¬ 
gardless of size. The thickness of crown removed can, however, be adjusted 
for the best average condition in a particular field. 

20.3. Gaging and Cutting for In-Place Topping. Various types of finders 
are employed, including sliding shoes (Fig. 20.2) and power-driven wheels. 
Driven wheels reduce the tendency of the finder to overturn high beets in wet 
or loose soils. 

It has been found that drawing a knife through a beet supported only 
below the cutting plane (as by the soil) often causes breakage of the root.15 
The break usually occurs when the knife is about two-thirds of the way 
through the beet and takes place along a plane sloping downward and 
forward from the knife at an angle of about 45°. To minimize breakage, the 
cutting thrust may be reduced by an opposing force applied by means of a 
driven finder such as a wheel. Other ways of reducing the cutting thrust are 
by mounting a fixed knife at an acute angle to the row or by cutting with the 
edge of a rotating disk. Either of these methods increases the amount of 
space required between beets in the row for proper topping of successive high 
and low beets. 

20.4. Digging, Elevating, and Cleaning Beets Topped in the Ground. Beets 
that have been topped in place, either with the harvester or as a separate 
operation, are loosened from the ground and lifted onto a conveyor by 
means of converging wheels (Fig. 20.2). The rims of the wheels are forced 
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Fig. 20.3. A sugar beet cleaning bed employing rotating kicker rolls mounted on parallel 

shafts. The beets are propelled over the rolls and the dirt falls through the openings. (Courtesy 

of Oppel, Inc.) 

into the ground and rotate by contact with the ground. The convergence of 
the lower portions of the rims, toward the rear, causes the beets (which are 
tapered) to be gripped and lifted. Hinged paddles rotating between the two 
lifter wheels at the rear (Fig. 20.3) transfer the beets onto a conveyor. 
Automatic row Finders are available on some models. These straddle a beet 
row and align the lifter wheels laterally through a hydraulic control system. 

A considerable amount of soil may be lifted with the beets. The main 
separation of soil from beets is accomplished by passing the mass over a bed 
of rotating, star-shaped kicker wheels (Fig. 20.3) spaced close enough 
together to prevent the beets from falling through. Some models provide ad¬ 
ditional cleaning by passing the beets over a bed of grab rolls (at least one of 
each pair having spiral ribs). Further cleaning is accomplished in rod-chain- 
type conveyors used to elevate the beets into trailers, trucks, or the harvester 
tank. 

20.5. Harvesters that Lift the Beets before Topping. Machines of this type 
lift the untopped beets as they are plowed loose, either by gripping their top 
growth or by impaling the beets on a spiked wheel. With either method, the 
beets are lifted free of the soil and the problem of separating the roots from 
large clods occuring in heavy soils is eliminated. The beets are topped in the 
machine after being elevated. 

On machines that lift the beets by their tops, a pair of inclined chains or 
belts, held together with spring-loaded idlers, grips the tops as a lifter blade 
cuts the tap roots and loosens the soil. Harvesters of this type can be used 
only under conditions where the tops have adequate strength to support the 
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mass of the root. Unfortunately, in most areas of the United States the tops 

at harvest time cannot be depended upon to support the mass of the root. 

The reverse is true in the British Isles. As a result, this type of harvester is 

currently used in England and Ireland but not in the United States.2 This 

method of lifting (with belts) has been used on other root crops, including 
red beets, carrots,10 onions,12,13 and radishes. 

Fig. 20.4. Left: Impaling and lifting beets with a spiked-wheel sugar beet harvester. Right: 
Topping with two rotating disks. (Courtesy of Blackwelders.) 

Components of a harvester that lifts the untopped beets by means of a 

spiked wheel are illustrated in Fig. 20.4. The spiked wheel is free-floating 

and is driven at a peripheral speed slightly less than the forward speed of the 

machine. A two-blade lifter loosens the beets as the curved spikes pierce the 

crowns. After the spiked wheel has elevated the beets, inclined steel stripper 

bars mounted between the rows of spikes (shown in Fig. 20.4 right) raise the 

beets up off of the spikes far enough to permit topping at the proper level 

with a pair of overlapping, rotating disks. Both the disks and the strippers 

are adjustable to control the thickness of top removed. After topping, a 

second set of strippers removes the tops completely from the spiked wheel 

onto a cross conveyor for windrowing. The topped beets are conveyed to a 

trailer or truck. This type of harvester works well in dry climates but not in 
areas which have substantial rainfall during the harvest season. 

PEANUT HARVESTING 

20.6. Harvest Methods. Current peanut-harvesting practices require a dry¬ 
ing period between digging and picking (threshing). The basic operations in- 



ROOT CROP HARVESTING 469 

volved are (a) digging, (b) shaking to remove adhering soil, (c) either wind¬ 

rowing or hand stacking, and (d) picking (removal of peanuts from the 

vines). Rapid progress has been made since 1950 toward complete 

mechanization of peanut harvesting, utilizing the windrow-combine method 

in preference to hand stacking and stationary threshing. 

Peanuts in dry regions may be left in the windrow until they are fully 

cured. Combine harvesting from partially cured windrows, followed by ar¬ 

tificial drying, is recommended as the safest practical approach in the more 

humid regions.16 In a 3-year Georgia study,18 the least hull damage was ob¬ 

served when combined 3 days after digging (rather than immediately or after 

7 days). 
20.7. Digging, Shaking, and Windrowing. In the windrow-combine 

method, combination machines of the type shown in Fig. 20.5 dig, shake, 

and windrow the peanuts. The half sweeps are operated just below the tuber 

zone. They should cut the tap roots without dragging the plants and should 

loosen the soil sufficiently to permit lifting the vines with a minimum num¬ 

ber of pods becoming detached. The elevator-shaker should subject the 

plants to sufficient vibration or agitation to remove all or most of the soil 

without losing any nuts. 

Fig. 20.5. A combination two-row peanut digger, shaker, and windrow inverter. (Courtesy of 

Lilliston Mfg. Co.) 
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Conventional digger-shakers deposit the vines in the windrows in a ran¬ 

domly oriented manner. Inverting-type models became available in about 

1970. These have rotary devices that receive the vines from the elevator- 

shaker and turn them upside down before deposition, thereby leaving the 
nuts exposed on top of the windrows for faster drying. The model in Fig. 

20.5 has an inverting device but it is not readily visible in the illustration. 

Fig. 20.6. Spring-tooth cylinders and concaves in a peanut combine. (Courtesy of Lilliston 

Mfg. Co.) 

20.8. Picking. Peanut combines have two or more spring-tooth cylinders 

in series that remove the nuts by a combing action (Fig. 20.6). Spring teeth 

project inward through slots in the concave plates to retard the passage of 

the vines. Cylinder speeds are low, since shelling is not desired. The 

separating and cleaning units are similar to those in a grain combine, but 

revolving stemming saws project upward through the bottom pan of the 

cleaning shoe to remove the stems from the peanuts. 

IRISH POTATO HARVESTING 

20.9. Harvest Methods and Equipment. A mechanical potato harvester 

(Fig. 20.7) performs the following operations, in sequence: (a) digging, (b) 

separation of the loose soil and small clods and stones, (c) removal of the 

vines and weeds, and (d) at least partial separation of the tubers from 

similar-sized stones and clods. From 2 to 7 hand workers may be needed on 

the harvester to complete the separation and to remove culls and other un¬ 

wanted materials.6 The potatoes are conveyed from the sorting belt into a 

bulk truck or bin. This system is known as direct mechanical harvesting. 

A potato digger, used in hand harvesting, performs only the first two 

operations listed above. The tubers, vines, and other materials not separated 
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Fig. 20.7. A two-row potato harvester. (Courtesy of John Bean Div., FMC Corp.) 

through the digger chain are deposited on top of the row. The potatoes are 

then picked up by hand and placed in containers. 

Indirect mechanical harvesting involves two separate operations. The 

potatoes are dug and windrowed with a 2-row digger-windrower that is 
similar to a conventional digger but has a cross conveyor to permit placing 2 

rows, or sometimes 4 or 6 rows, in a single windrow. After the potatoes have 

been in the windrow for 20 min to 2 or 3 h, they are picked up with a har¬ 

vester of the same type used for direct harvesting but with the blade removed 

or modified. Separation under weedy or wet soil conditions is bet¬ 
ter than with direct harvesting, but damage may be greater. The forward 

speed of the indirect harvester can generally be faster than the optimum for 

the digger-windrower or for direct harvesting. One indirect harvester often 

can keep up with two digger-windrowers. 

Although some potatoes are still picked up by hand in certain areas, a 

high percentage of the United States crop is now harvested and handled in 

bulk with direct-loading mechanical harvesters. Digger-windrowers and har¬ 

vesters are mostly 2-row machines, but both 1-row and 2-row diggers are 

available. Harvesters may have either PTO drives or separate engines. 

Diggers and digger-windrowers generally have PTO drives. 

Potatoes are easily bruised or skinned but are less susceptible when fully 
mature than when immature. In some areas the vines are removed with flail 

shredders or killed with chemicals to hasten maturity. Flailing is especially 

advantageous prior to hand harvesting because the whole vines interfere with 

picking. 
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Fig. 20.8. Left: Blades and front of digger chains on a two-row potato harvester (or digger). 

Right: Several types of digger blades. Square rod on top unit rotates so the front moves upward, 

as on a rod weeder. It works well in loose, sandy soils. (Courtesy of Hesston Corp.) 

20.10. Digging and Soil Separation. Various types of blades (Fig. 20.8 

right) are employed for digging or scooping up the soil and potatoes, the 

choice depending upon the soil type and condition. The blade is operated just 

deep enough to recover all or nearly all of the tubers without cutting an ex¬ 

cessive number. A two-row harvester operating at 3.2 km/h [2 mph] with an 

average blade depth of 10 cm [4 in.] lifts 7 to 9 Mg [8 to 10 tons] of soil per 
minute.6 

The blade delivers the entire mass of potatoes and surrounding soil onto a 

rod-chain type of elevating conveyor (Fig. 20.8 left) that sifts out the loose, 

free-flowing soil, as well as small clods and stones. Two-row machines have 

a separate digger chain for each row. Every second or third link is usually 

offset upward about one link diameter from the plane of the ends. The inter¬ 

mediate links are either offset downward or are straight. Rod diameters of 

1,1.1 and 12.7 mm [7/|6 and V2 in.] and chain pitches of 39.6 to 50.8 mm [1.56 

to 2.00 in.] are common. The maximum clearance between rods is limited by 

the minimum potato size. The longer pitches are used primarily in wet or 
heavy soils.6 

Agitation is obtained by passing the digger chain over support idlers of 

various shapes. Changing idlers (to a different size or shape) to increase 

agitation improves soil separation but may increase tuber damage. Increas¬ 

ing the chain speed improves separation by thinning the soil layer but may 
increase damage.6 

20.11. Vine Removal on Harvesters. Many harvesters discharge the 

material from the digger chain onto an in-line rod conveyor having a pitch 

large enough (100 to 125 mm [4 to 5 in.]) so the potatoes can fall through be¬ 

tween the rods onto a cross conveyor. Stripper rolls are often placed in con¬ 

tact with the top of the vine conveyor, as shown at the upper right in Fig. 
20.7, to assist in severing any tubers still attached to vines. 
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A deviner, consisting of a pair of small-diameter, counter-rotating rubber 

rolls (e.g., 100 to 125 mm [4 to 5 in.] diameter) is often placed at the dis¬ 

charge end of the cross conveyor. The rolls pull any remaining vines or 

weeds down between them as the potatoes and other solid objects pass over 
the top of the rolls. 

20.12. Separating Potatoes from Stones and Clods. Separation of 

potatoes from similar-sized stones and clods is a major problem in some 
areas, such as Maine. The number of stones in the size range of potatoes 

may be greater than the number of potatoes.17 To be acceptable, the 

separating system on a 2-row harvester must be able to operate at capacities 

of at least 18 Mg [20 tons] of potatoes per hour. The system should be based 

on a characteristic property difference that is consistent and it should not 
damage the potatoes. 

A relatively simple and reasonably effective device that has been widely 

used on potato harvesters is a transversely tilted conveyor — either a solid 

belt or a rod-chain conveyor. This system depends upon a difference in 

resistance to rolling (i.e., shape). When the mixture of potatoes, stones, and 

clods is delivered onto the high side of the conveyor, the round potatoes roll 

across the belt while clods and the flatter stones remain on the high side. The 

adjustable divider shown in Fig. 20.7 separates the two streams. Hand sor¬ 

ters transfer the material that does not go into the proper channel. 

Interference between objects attempting to move across the belt is a 

problem. A rotating brush is sometimes added to reduce the interference ef¬ 

fect.17 Also, there is no consistent difference in shape. Some rocks roll and 

some potatoes do not. The amount of tilt should be easily adjustable to ob¬ 

tain the maximum effectiveness under various conditions. 

Devices for air separation of potatoes from stones became commercially 

available on harvesters in the mid 1960s and are being used increasingly in 

areas where stones are prevalent.19 A blower moves air at a high velocity up¬ 

ward through the material carried on a rod-link conveyor chain in an en¬ 
closed area. The air stream lifts the potatoes from the input conveyor and 

deposits them on another conveyor. The velocity required to lift the larger 

potatoes is about 35 m/s [115 ft/s].19 

The separating action is based on a combination of aerodynamic charac¬ 

teristics and density. Good separation from stones can be obtained by 
careful adjustment of the air velocity, although some flat stones may be lift¬ 

ed because of their relatively large frontal areas.17 The roughness of clods, 

together with a lower specific gravity than for stones, causes many clods to 

be lifted also.17,19 Blower power requirements are high. 

A considerable amount of research has been done on other methods of 

separating potatoes from stones or clods. One experimental approach, based 

on differences in specific gravity, involved feeding the potatoes and stones 

over a pair of close-spaced rotating brushes that have bristles of appropriate 



474 PRINCIPLES OF FARM MACHINERY 

stiffness and length.5 The stones, being heavier than potatoes, fall through 

the bristles (between the brushes), while the potatoes ride over. According to 

Eaton and Hansen,5 typical specific-gravity values are: potato tubers — 1.1, 

clods — 1.3 to 1.7, and stones — 1.5 to 2.5. Flotation in a liquid slurry is said 

to have given consistent separation results in England,17 but this system is 

not well-suited for a field machine. 

Other approaches,17’19 have been based on infrared reflectance,19 X-ray 

absorption, hardness, and electrical conductivity. Research has also been 

directed toward improving the effectiveness of a tilted conveyor by means 

such as dividing the layer of unseparated material into strips, increasing the 

conveyor velocity, and using rotary brushes to increase the rate of transverse 
movement.17 

20.13. Minimizing Damage in Harvesting and Handling. Hansen9 conduc¬ 

ted a field survey involving over 30 harvesters in Colorado in 1966, 1967, and 

1968. He found that in some cases as many as 25% of the potatoes were 
damaged severely enough to affect grade or cause storage problems. 

Proper adjustment of the speed and the agitation severity of the digger 

chain, to maintain a protective soil blanket on the conveyor, minimizes 

damage in the primary conveying operation. The rods of all conveyors 

beyond the digger chain are covered with rubber or plastic to reduce 

damage. Excessive drops should be avoided. A drop of over 15 cm [6 in.] 

onto a hard surface may cause damage.11 Resilience or a soft surface at im¬ 
pact points is helpful. 

The loading conveyor on the harvester should be hinged (Fig. 20.7) so the 

outer end can be lowered down within 15 cm [6 in.] of the truck bottom when 

starting a load. The height adjustment should be watched carefully 

throughout the loading operation. Care must also be exercised in unloading 
and conveying at the storage facility. 

SWEET POTATO HARVESTING 

20.14. Mechanization Problems. Hand harvesting of sweet potatoes re¬ 

quires 150 to 185 man-h of labor per hectare [60 to 75 man-h per acre].8 

Considerable progress has been made in developing mechanical harvesters 

for potatoes to be processed, but problems associated with fully mechanized 

harvesting of fresh-market sweet potatoes have been difficult to solve.8 

At harvest time, sweet potatoes are extremely susceptible to skinning and 

bruising. Damage is not of major concern for potatoes that are to be 

processed, because processing is usually done within 48 h after digging.7 But 

damage must be minimized for fresh-market potatoes to avoid spoiling dur¬ 

ing storage. Fresh-market potatoes usually are size graded in the field 
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(currently by hand),3-7-8 whereas sweet potatoes harvested for processing are 
not field graded. 

Sweet potatoes are distributed over a larger cross-sectional area in the bed 

than are Irish potatoes and they do not detach easily from the stems or 

vines.3 The rank vine growth, covering the entire ground surface at harvest 

time, is difficult to handle or dispose of. In hand harvesting or 

semimechanized harvesting (hand sorting on a machine), the vines are com¬ 

monly removed with a rotary cutter or flail shredder prior to digging. 

20,15. Developments in Harvesting and Handling. Modified Irish potato 

harvesters are employed for sweet potatoes to be processed, but damage 

would be excessive for fresh-market potatoes. No size grading is done on 

these machines, but hand separation may be involved. The potatoes are 
usually handled in bulk. 

Commercial machines of a semimechanized type, similar to Irish potato 

harvesters but designed to give gentle handling, are available for harvesting 

fresh-market sweet potatoes.8 After disposing of the vines as a separate 

operation, the potatoes are dug and elevated to a horizontal grading con¬ 

veyor from which they are removed by hand, sized visually, and carefully 

placed in boxes or pallet bins. A comparison between handling in bins (450- 

kg [1000-lb] capacity) and handling in field lug boxes (23-kg [50-lb] 

capacity) showed no difference in bruising or spoilage.14 Total harvest labor 

requirements with either type of container were about two-thirds as great as 
for hand harvesting.14 

In these comparative tests, the potatoes were placed in both types of con¬ 

tainers by hand.14 Possible arrangements to permit direct discharge into a 

bin without excessive damage include (a) a conveyor that extends down into 

the bin and is raised as the bin fills,14 (b) an adjustable-height false bottom,3 

and (c) discharging into a bin partially filled with water.3 

Experimental harvesters for fresh-market sweet potatoes have been built 

that pass the potatoes and vines over a horizontal section of conveyor having 

the cross rods far enough apart so the potatoes will drop through and, if still 

attached to the vines, will be suspended below the conveyor.3’8 Detachment 

is accomplished by vertical shaking of the conveyor and/or by impact forces 

applied to the stems. Rolling coulters cut the vines at each side of the wide 

digger blade. Elevation and soil separation are accomplished with a rod-link 

chain similar to that on Irish potato diggers. 

An experimental, diverging-belt size grader that handles the potatoes 

gently and is said to be suitable for stationary use in the field or for installa¬ 

tion on a complete harvester has been built and tested.7 Another experimen¬ 

tal sizer, employing alternate elliptical and cylindrical rollers on a conveyor, 

was designed as one component of a proposed complete mechanical har¬ 
vester.8 
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ONION HARVESTING 

Onion varieties that have relatively low dry-matter content (5 to 10%) and 

are soft and tender (such as Sweet Spanish or Granex) are mostly hand har¬ 

vested because they are easily damaged. The bulbs are undercut with a blade 

or with a rod-weeder type of unit (upper right in Fig. 20.8) so that the tops 

will cure (dry out) before the bulbs are lifted. After a curing period of a few 

days for fresh-market onions or at least 5 to 10 days for onions to be stored, 

the bulbs are lifted from the soil by hand and topped with a sharp knife. 

They are then placed in baskets or burlap bags and left in the field for at 

least 5 to 10 days for further curing before being moved to storage or to 

market. Hand harvesting requires about 185 man-h of stoop labor per hec¬ 

tare [75 man-h per acre].12 The cost of this labor may represent 40% of the 

total production cost.12 
Some varieties (such as Southport White Globe) have a higher dry-matter 

content and are relatively firm and resistant to mechanical damage. 

Mechanical harvesting and bulk handling are established practices for 

onions of this type. 

20.16. Mechanical Harvesting. The basic functions of a mechanical har¬ 

vester are undercutting the bulbs to sever the roots and loosen the bulbs, 

lifting, separating the bulbs from soil and trash, removing the tops, and 

depositing the topped bulbs in containers or bulk-handling equipment. The 

sequence and timing of these operations will vary somewhat, depending 

upon the harvesting principles employed. Bulk or bin storage with forced-air 

ventilation (rather than field curing) is a logical part of a mechanized harvest 
system. 

Harvesters used for the firm varieties generally lift, top, and load all in 

one operation,20 although the topped onions may be deposited in windrows 

and picked up later with a potato loader. Most commercially available har¬ 

vesters are similar to a potato digger but include a topping unit. One type of 

topper has a group of side-by-side pairs of small-diameter, counter-rotating, 

spiral-ribbed rolls that pull the tops down between them and pinch or pull 

the tops off. Another similar type holds the tops between the rolls and moves 

the onions rearward while rotary blades cut the tops just below the rolls. A 

short stem is left on each bulb. With a third type, an air blast beneath the 

elevating conveyor blows the tops upward and they are cut off by a sickle 

above the conveyor. The tops must be dry for any of these types of toppers to 

work satisfactorily.20 To achieve this condition, the bulbs are undercut 1 to 3 

weeks before harvesting. Damage to soft varieties of onions tends to be ex¬ 
cessive with most toppers of these types. 

Lorenzen13 developed a belt-type lifter and topper in 1949. This machine 

had a pair of inclined round-cross-section belts, held together by spring- 

loaded idlers, that gripped the tops at the same time that a blade cut off the 

roots. The belts then elevated the onions to the topping unit and subsequent- 
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ly deposited them onto another conveyor. Topping was done just above the 

upper portion of the pickup belts with powered overlapping disks. 

LePori and Hobgood12 also employed the belt-lift principle in a machine 

built in 1968. Their design included guide belts below the upper portion of 

the lifter belts that diverged from the lifter belts at a flatter slope. The 

resulting downward wedging action against the tops of the bulbs resulted in 

more accurate positioning for topping than in Lorenzen’s harvester. 

The belt-lift principle depends upon the tops being reasonably upright and 

strong enough to lift the bulbs from the soil. Special devices are needed to 

raise lodged tops (which may be 50% of the total) so the belts can grip them. 

Damage, even to soft onions, is minimal with this type of harvester.12 

Another approach that has been tried experimentally for easily damaged 

onions is in-place topping before lifting. An in-place topper built at the 

Idaho Agricultural Experiment Station employed ground-driven tined 

wheels to lift the lodged tops so they could be removed by a rotary blade.20 

Droll and his associates4 found that a high-speed rotary cutter was more ef¬ 

fective than a flail topper or a sickle. They used stationary gatherers to assist 

in lifting lodged tops. In their tests, topping was more uniform when done 

before undercutting or otherwise disturbing the onions in the soil, but even 

then, retrimming was needed to obtain a topping job acceptable for fresh- 

market onions.4 
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21 
Fruit and Vegetable 

Harvesting and Handling 

21.1. Introduction. Many fruits and vegetables are highly perishable 

products that must be harvested within a very narrow time range, handled 

carefully, and either processed, properly stored, or consumed fresh soon af¬ 
ter harvesting. Successful harvest mechanization requires a systems ap¬ 

proach and involves the cooperative efforts of engineers, plant breeders, 

plant physiologists, biochemists, food scientists, and others. Mechanical 

harvesting of fruits and vegetables is truly an interdisciplinary problem. 

Variety breeding, cultural practices, mechanical harvesting, materials 

handling, grading and sorting, and processing are all major components of a 

total harvest mechanization system. High-yielding, uniformly maturing 

varieties are highly desirable for mechanical harvesting. One way to increase 

potential yields for vegetables and some vine fruits is by greatly increasing 

the plant populations in comparison with hand-harvested crops. Increased 

plant populations, as well as other factors related to mechanical harvesting, 

often dictate major changes in planting systems, methods of controlling 

weeds and other pests, and other cultural practices. Old fruit trees must be 

reshaped and new trees properly structured for mechanical harvesting or for 

the most effective use of harvesting aids. Special trellises and plant training 

may be needed for vine and cane fruits. Effective and controllable chemical 

inducement of fruit abscission (i.e., separation of fruits from the stems) 

would be helpful for many kinds of fruit. 

Mechanical harvesting can result in an extremely high rate of product out¬ 

put, in which case materials handling methods are of major importance. 

Handling must be done in a manner that minimizes damage to the product. 

Mechanically harvested fruits or vegetables usually contain considerable 

quantities of trash and cull material (immature, overripe, damaged, etc.) 

that must be removed, either on the harvester or as a separate operation. 

Processing-plant procedures and equipment usually must be changed to ac¬ 

commodate products that are mechanically harvested and handled. 

Harvest costs for fruits and vegetables often represent 30 to 60% of the 

total production costs.6 Hand harvesting usually requires large labor forces 

for relatively short periods of time, thereby contributing to sociological 

problems associated with transient or migratory workers and families. 

Mechanization is needed to reduce costs and to compensate for the decreas¬ 

ing availability of suitable labor. 
479 
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A great deal of research has been directed toward fruit and vegetable har¬ 

vesting since the early 1950s* and considerable progress has been made. 

Harvest mechanization has reached a high level of acceptance for a number 

of crops. Mechanization problems are compounded by the fact that a large 

number of crops with widely varying characteristics are involved. Most 

vegetables and many of the small fruits require individual, distinctly dif¬ 

ferent types of harvesting equipment. The market potential for any one type 

of machine usually is small. Physical and rheological properties of each crop 

need to be known or determined as a basis for design. 

21.2. Harvesting Methods. Although harvesting of some fruits and 

vegetables is fully mechanized, others must still be harvested by hand. 

Mechanical aids for hand harvesting have been employed to some extent but 

often have shown little or no advantage. Harvesting aids have generally 

taken the form of man positioners for tree crops, worker conveyances and 

supports for harvesting low-growing crops, or conveyors that receive the in¬ 

dividual products as they are picked and carry them to a transport bin or 

vehicle that moves through the field at the same rate as the pickers. 

In general, harvesting aids result in only moderate or small increases in 

productivity and they sometimes represent substantial investments. When 

several workers use the same equipment, the rate of output for the entire 

operation is usually limited by the slowest worker. Machines for individual 

workers may give greater average outputs but are more costly per worker 

than are multiman units. In developing worker conveyances for low-growing 

crops, it has usually been difficult to find a position that is both comfortable 

and efficient. 

Long conveyors supported across a number of rows just above the plants 

have been used with reasonable success in several vegetable crops. With 

celery, for example, the workers cut and trim the stalks and place them on 

the conveyor. The stalks are conveyed to a central platform for final trim¬ 

ming and packing as the entire assembly moves slowly through the field. 

Various methods of detachment are employed with either hand or 

mechanical harvesting. These generally involve cutting, pinching, pulling, 

bending or snapping, twisting, or some combination of these actions. 

Devices that comb or strip the desired product from the plants rely mainly 

on direct pulling, but bending may also be involved. Machines that shake the 

plants develop detachment forces as a result of the inertia of the portion be¬ 

ing removed. Bending and twisting, as well as a direct pull, may be induced 

by the shaking. Harvesting methods which do not necessarily involve direct 

contact between the removal device and the fruit or stem are often referred 
to as mass-harvest systems. 

* Reference 14 lists over 800 publications of fruit and vegetable harvesting and handling for 

1957 through 1970, about half of which are technical or semitechnical reports. Reference 6 con¬ 

tains about 50 technical papers that summarize the 1968 status of fruit and vegetable harvest 
mechanization. 
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21.3. Selectivity in Mechanical Harvesting. Many fruit and vegetable 

crops do not mature uniformly. Several pickings are required to obtain max¬ 

imum yields, selecting only the mature products each time. If such a crop is 

to be harvested mechanically, some characteristic that is related to maturity 

and identifiable by a machine must be found. 

Mechanical harvesters for lettuce determine maturity by sensing head size 

and firmness or a combination of size and density. Selective asparagus har¬ 

vesters use spear height as the basis for selecting the spears to be cut. With 

some fruits, including most cane berries, the force required for detachment is 

inversely related to maturity. Selectivity can be achieved by shaking such 

plants at the proper stroke and frequency. Cantaloupes also detach much 

more readily when ripe than when immature. Fruit size, light reflectance, 

and color are other characteristics than can be utilized in selective 
mechanical harvesting. 

Selectivity in hand harvesting is often* based upon visual evaluation of size, 

color, or shape, or an intuitive integration of these factors. With most crops 

it is difficult to achieve machine selectivity comparable with hand selectivity. 

However, machine selectivity in some crops may be superior to that from 

hand picking. With blackberries, for example, the machine selects mature 

fruit on the basis of the required detachment force, which is a better 

parameter of maturity than is color (the primary basis for hand 
selection). 

The alternative to selective mechanical harvesting of crops that do not 

mature uniformly is nonselective harvesting (usually a once-over operation), 

taking mature, immature, and overripe fruit or vegetables indiscriminately. 

The harvest must be timed carefully to obtain the maximum yield of 

marketable, mature product. But even with the best timing there is usually a 

substantial yield reduction with nonuniform-maturing crops in comparison 

with selective machine harvesting or hand harvesting. The loss of potential 

income must be balanced against the reduced costs of one machine harvest 

versus selective, multiple harvests. A nonselective harvester can handle 

several times as much crop area as a selective harvester. High plant 

populations are especially desirable for nonselective harvesting of 

vegetables. 

In general, there are relatively few crops for which selective mechanical 

harvesting is economically feasible. The ideal situation for mechanical har¬ 

vesting is to have all or most of the crop ready to harvest at one time. Some 

fruits and vegetables automatically fit into this category. Plant breeders 

have made great strides in developing uniform-maturing varieties suitable 

for mechanical harvesting. They are continually working toward this goal 

with other fruits and vegetables that do not mature uniformly. Cultural 

practices, including the use of growth regulators, can also have considerable 

influence on uniformity of ripening. 
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21.4. Handling Fruits and Vegetables. Prior to the mid 1950s, most fruits 

and vegetables were handled in containers having filled weights of 9 to 36 kg 

[20 to 80 lb], which could readily be lifted and moved by hand. Because the 

harvest rate with a machine is high with many types of crops, small con¬ 

tainers usually are not practical. A tomato harvester, for example, may have 

a short-time output of 27 Mg/h [30 tons/h], which is 454 kg/min [1000 

lb/min]. Tree shaking often requires handling several hundred kilograms of 

fruit per minute. An efficient materials handling system is imperative in such 

cases in order to obtain maximum productivity. 

Research and experience since the mid 1950s have demonstrated that 

fruits and vegetables can be handled in large containers at considerable 

depths with no more damage than from field boxes, and sometimes with less 

damage. The maximum permissible depths vary somewhat, depending upon 

the physical properties of the fruit, the road condition, the type of truck 

suspension system, and the hauling distance.6 

As a result of research on handling characteristics, an ASAE standard has 

been adopted that specifies overall dimensions for 2 cross-sectional sizes of 

bins, 120 X 120 cm and 120 X 100 cm [47.25 X 47.25 in. and 47.25 X 39.375 

in.]. Overall heights of 72 cm and 133 cm [28.35 in. and 52.36 in.] are to be 

available for each cross-sectional size. These heights give inside depths of 

about 61 cm and 122 cm [24 in. and 48 in.] for bins built onto pallets. For 

various reasons, bins of other sizes are sometimes used. A 120 X 120 X 72- 

cm pallet bin will hold about 450 kg [1000 lb] of fruit or tomatoes. 

Most fruits and vegetables handle well at depths of 46 to 61 cm [18 to 24 

in.].6 Many vegetables and some of the firmer fruits can safely withstand 

depths up to 122 cm [48 in.] and are handled more efficiently in the deeper 

bins.6 Tests have shown that in-transit accelerations of individual fruits are 

greater in the upper layers of the bin than in the lower layers.30 Because of 

the resultant bouncing or rolling, the top layer often receives the greatest 

damage from hauling. The bottom fruits may be damaged by impact against 

the bin bottom if a protective pad is not used, or by compressive forces if the 
fruit is soft. 

Bins or other containers should be compatible with the requirements for 

maintaining quality of a particular crop. Tart cherries, for example, must be 

cooled to 10 to 13°C [50 to 55°F] within 30 min after picking.6 To accom¬ 

plish this, the harvester deposits them in watertight bins partially filled with 

cool water. For some fruits and vegetables, the bins need slots or other open¬ 

ings in the bottom to facilitate washing, water drainage after hydrocooling, 

ventilation for cooling or curing, etc. 

Most mechanical harvesters utilize either bins or full-load bulk handling 

in trailers or gondolas. The container system provides more flexibility in 

regard to temporary storage at the processing plant. Hand-picked, fresh- 

market fruits are often handled to the packing shed in bins, but care must be 



FRUIT AND VEGETABLE HARVESTING AND HANDLING 483 

exercised in filling and emptying the bins to avoid bruising. 

The use of bins has required the development of a variety of associated 

types of equipment, including special bin trailers for field .use, tractor- 

mounted fork lifts, straddle-type carriers, sampling devices for quality deter¬ 

mination, bin fillers, bin dumpers, etc. 

Minimizing damage to easily bruised fruits and vegetables is an important 

consideration in designing a harvester and the associated handling equip¬ 

ment. Apricots or tomatoes, for example, are damaged from a single drop of 

more than 23 cm [9 in.] onto a firm surface or more than 41 cm [16 in.] onto 

other fruit.29 Both the number and the distance of vertical drops, as at con¬ 

veyor transfer points or in bin filling, must be minimized. Conveyors should 

be wide and operated at low speeds to handle the fruit gently. Padding 

should be provided on areas where impacts cannot be avoided. Some type of 

lowering or decelerating device to deliver the fruit into the bin just above the 

deposition level at a low velocity is highly desirable.29 

21.5. Determining Economic Feasibility of Harvest Mechanization. The 

primary objectives of harvest mechanization are to reduce labor require¬ 

ments and to increase the net income to the grower through reduced costs. 
Although cost reduction is not always essential, a mechanized system is not 

likely to be adopted if the net income would be reduced appreciably. 

Growers tend to use hand labor as long as it is available, adopting 

mechanization as a last resort. 
Mechanical harvesting often causes a reduction in harvested crop value 

per hectare in comparison with hand harvesting, especially in nonselective 

harvesting of crops that do not mature uniformly or in harvesting easily 
damaged crops. The reduced value may be a result of reduced potential 

yield, actual field losses, or reduction in quality. This factor, as well as hand 

harvesting costs and machine harvesting costs, must be considered when 

making an economic comparison. The general cost relation is 

N = H - M - LG (21.1) 

where N = increase in net income due to mechanical harvesting, in 

dollars per hectare 

H = total hand harvesting costs, in dollars per crop hectare per 

year 

M = total mechanical harvesting costs, in dollars per crop hectare 

per year, including machine fixed costs, machine operating 

costs, and labor costs 

G = gross income or crop value from the hand-harvested crop, in 

dollars per hectare 

L = loss factor = reduction in gross income or crop value as a 

result of mechanical harvesting, expressed as a decimal frac¬ 

tion of G 
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At the break-even point, defined as the condition where N = 0, equation 
21.1 becomes 

H-M- LeG = 0 

where Le = loss factor when TV = 0. 

The break-even loss factor, then, is 

The break-even crop-value ratio R would be equal to 1 — Le. It is evident 
from equation 21.2 that the percentage loss which can be tolerated is directly 
related to the amount of reduction in harvest cost and inversely related to the 
crop value. 

When a mechanical harvesting system includes handling, sorting, grading, 
or processing methods that differ from those used with hand harvesting, the 
entire system should be compared with a hand harvesting system that ac¬ 
complishes the same results. Each of the factors in the above equations 
would then consist of totals for the system components. 

In one approach for determining the economic feasibility of a proposed or 
existing mechanical harvesting system, machine and labor costs (M), based 
on known or estimated cost factors, are calculated (See Chapter 2). This 
may be done for the maximum crop area that one machine might be expec¬ 
ted to handle, for a specific, assumed area within the machine’s capacity, or 
preferably as a function of crop area. The use of two (or more) machines 
must be assumed for crop areas beyond the capacity of one machine. Hand 
harvest costs H and the hand-harvested crop value usually would be known. 

After determining values for M, H, and G, the maximum allowable reduc¬ 
tion in crop value due to mechanical harvesting (for no loss of net income) 
can be determined from equation 21.2. If the machine loss factor is known 
from tests (or a value is assumed), the effect of mechanical harvesting upon 
the net income can be predicted from equation 21.1. 

In comparing selective and nonselective mechanical harvesting for a par¬ 
ticular crop, it is essential to consider the effect the number of harvests has 
upon the loss factor. Selective mechanical harvesting of some crops reduces 
the loss factor L in comparison with nonselective harvesting, but in many 
cases the increase in M because of the greater number of harvests more than 
offsets any gain in harvested crop value. 

In another approach, especially applicable to proposed systems,10 the 
probable loss factor L and machine cost factors are assumed, based on ex¬ 
perience with similar crops. Using these values and known values of H and 
G, the harvest rate required for Af = 0 (break-even point) is calculated. An 
unreasonably high calculated harvest rate indicates questionable economic 
feasibility under the assumed conditions. Fridley and Adrian10 have 
developed nomograms to facilitate this approach and have summarized per¬ 
tinent background data for a number of fruits and vegetables in California. 
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FRUIT HARVESTING 

21.6. Mechanical Tree Shakers. The basic principle involved in removing 

fruit (or nuts) by shaking is to accelerate each fruit so the inertia force 

developed (F = ma) will be greater than the bonding force between the fruit 

and the tree. Removal of walnuts and almonds with mechanical shakers 

became a common practice during the 1940s. The development and general 

application of tree shaking for mechanical harvesting of fruits has occurred 

since the mid 1950s.9 
Tractor-mounted cable shakers, fixed-stroke boom shakers, and boom- 

type impact knockers were originally developed for nuts. Impact knockers 

are still used to a considerable extent on old almond trees because these trees 

are large and relatively rigid. An impact knocker delivers discrete axial im¬ 

pacts or impulses by mechanical, pneumatic, or hydraulic means, rather 

than having a continuous, oscillating motion. A padded head on the end of 

the boom is merely pushed against the limb, after which a series of several 

impacts is imparted to the tree. Fixed-stroke boom shakers are clamped to 

the limb and driven by an eccentric or crank on the tractor or other propul¬ 

sion unit. 
Inertia-type shakers were developed in the late 1950s and have largely 

replaced Fixed-stroke shakers except in large nut trees. With an inertia 

shaker, the exciting force is derived from the acceleration of a reciprocating 

mass or two opposite-rotating, eccentric masses. Both arrangements shown 

in Fig. 21.1 provide sinusoidal force variation, or nearly so. When the 

rotating masses are timed as shown, the centrifugal-force components per¬ 

pendicular to the boom axis cancel each other. (Force relations are shown 

for two side-by-side masses in Fig. 14.86). With the slider-crank mechanism, 

reciprocation of the housing and drive components provides the exciting 

force. 
An inertia shaker is attached to the supporting structure through flexible 

mounts or hangers, therebv isolating the vibration. Hydraulic-motor drives 

Crank Housing 

Fig. 21.!. Two common arrangements for inertia shakers, (a) Eccentric, counter-rotating 

masses. The two masses are generally coaxial, with one above the other, as shown, (b) Slider- 

crank arrangement. (R.B. Fridley and P.A. Adrian.9) 
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are employed. When the exciting frequency is large in relation to the fun¬ 

damental frequency of the tree component (which is the usual situation), the 

stroke at the clamp may be determined from the following relation.9 

c = IrW 
Ws + Wt 

(21.3) 

where S = 
r = 

W = 

Ws = 

Wt = 

stroke at clamp 

eccentricity of the unbalanced mass (crank radius in slider- 

crank arrangement) 

total unbalanced mass 

total mass of shaker, including the unbalanced mass 

effective mass of the tree component being shaken (limb or 

tree) 

Tests have indicated that the actual stroke is influenced to some extent by 

the shaking frequency and by the location of the clamping point on the limb 

and may vary as much as ±35% from the calculated value.9 

An inertia shaker may be attached to the trunk to shake the entire tree or 

to each of the primary limbs to shake only a portion of the tree at one time. 

The effective mass W, generally averages 9 to 27 kg [20 to 60 lb] for limbs 5 

to 15 cm [2 to 6 in.] in diameter and 360 to 450 kg [800 to 1000 lb] for trunks 

having diameters of 13 to 28 cm [5 to 11 in.].9 

Trunk shakers are faster than limb shakers because attachment is easier 

and is needed at only one place per tree. At least 45 to 60 cm [Wi to 2 ft] of 

clear trunk below the lowest branches is desirable. Trunk shakers work well 

on reasonably rigid trees but they are not effective on willowy (limber) trees 

because damping, primarily from the leaves,19 and vibration isolation caused 

by curved branches absorb most of the energy before it reaches the fruit. 

Limb shakers are more versatile than trunk shakers and are more effective 

where long strokes are needed, as on willowy trees such as olive and citrus. 

Trunk shakers generally employ rotating masses (Fig. 21.1a). In some 

designs a speed differential between the two masses continually changes the 

direction of maximum unbalance, thereby providing successive shaking in 

all directions. Limb shakers usually have slider-crank mechanisms (Fig. 

21.16) because these are more compact than rotating-mass arrangements. 

Typical operating frequencies are in the order of 800 to 2500 cycles per 

minute for trunk shakers and 400 to 1200 cycles per minute for limb shakers. 

Considerably higher speeds are obtainable on some models. The fundamen¬ 

tal vibration frequencies of limbs are low in relation to shaker frequencies, 

generally ranging from 30 to 70 cycles per minute.9 Strokes for deciduous 

fruits and nuts are often between 9.5 and 19 mm [Vs and % in.] for trunk 

shakers and 38 to 51 mm [1 Vi to 2 in.] for limb shakers. 
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Applying several short bursts of shaking (e.g., 5 s each) tends to provide a 

variable shaking frequency and creates transient conditions that contribute 

to the effectiveness. Removal of at least 90 to 95% of the fruit is readily ac¬ 

complished with most tree fruits, including prunes, tart cherries, peaches, 

apricots, and apples. Others, such as olives and some citrus, are considerably 

more difficult to remove by shaking. 

Clamps are hydraulically opened and closed. They must be properly 

designed and padded and properly used to avoid bark injury and the 

resulting chance of infection or permanent injury.9 Padding must be flexible 

enough to conform to the shape of the limb or trunk but firm enough to 

transmit the shaking motion. Tangential loads must be minimized and radial 

loads distributed over enough area so the ultimate strength of the bark is not 

exceeded. Ideally, the shaker should be attached perpendicular to the limb or 

trunk. Early problems of bark damage have largely been eliminated by im¬ 

proved clamp designs and careful use.9 

21.7. Shake-Catch Harvesting. Catching units used in shake-catch har¬ 

vesting have low-profile collection surfaces that extend under the tree, cover¬ 

ing all or most of the area to the outer periphery of the tree. Stationary sur¬ 

faces are usually sloped toward a belt or draper-type conveyor, but some 

units have pans that are mechanically dumped onto the conveyor. Another 

arrangement, requiring a minimum of vertical clearance but more labor, has 

roll-out canvas sheets that are retracted toward the conveyor when loaded. 

Some catching units are of the inverted-umbrella, wrap-around type, but 

most systems consist of a pair of catching units, one on each side of the tree. 

Laterally retractable sections are provided along the inner edge of one or 

both units to permit closure around the tree trunk. Bulk bins, into which the 

conveyors deliver the fruit, are carried on the catching units. When har¬ 

vesting easily bruised fruits, a decelerator unit that extends down into the bin 

and automatically raises as the bin fills is highly desirable. 
Paired catching units are often self-propelled, sometimes with front and 

rear steering. Good maneuverability is important because the total time per 

tree is only 1 to 2 min. It should be noted that front and rear steering does 

not necessarily improve maneuverability if the system is confusing to an 

operator. 
Usually, two limb-type inertia shakers (one on each unit) or a trunk 

shaker are mounted on the catching units. Sizers are often incorporated into 

a conveying system to remove undersize fruit. Trash-removal facilities (such 

as a blower) are often included. If only a small amount of hand grading is re¬ 

quired, this is usually done by 2 or 3 workers stationed on the catching unit. 

The main collection surfaces are usually stretched fabric. A good design 

minimizes fruit bouncing." Effective padding of all hard collection surfaces 

and deflector panels is necessary to avoid excessive damage to easily bruised 

fruits. Fruit-on-fruit impacts cause considerable damage. This type of 
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damage can be minimized by suspending 2 to 4 layers of staggered 

decelerator strips above the collecting surfaces, at least over the areas where 

fruit is most likely to be concentrated. Neoprene tubes, 60 mm [2% in.] OD 

and spaced on 190-mm [IVi-xn.] centers in each of 3 layers, have given good 

results with peaches.11 Flat strips of webbing are less expensive and are used 
on some machines. 

Pruning and shaping to obtain a suitable tree structure is important in 

regard to minimizing the frequency of fruits hitting branches as they fall 

(causing fruit damage), improving fruit removal, and facilitating movement 

and use of the equipment.6,11 

Selective harvesting of a portion of the fruit from any one tree by the 

shake-catch method has been attempted but seldom is practical. Hence, 

uniform maturity is highly desirable and proper timing of the harvest is 

necessary to obtain the maximum yield of good, mature fruit. Selective, 

tree-by-tree harvesting is feasible under some conditions.21 

21.8. Tree-Fruit Harvest Mechanization. The shake-catch method is the 

only mechanical harvesting system used to any extent in deciduous tree 

fruits. Damage to the fruit has generally limited the application of this 

system to fruit that is to be processed, and processing must be done within a 

day or so after harvesting. Even then, the damage must be relatively 

superficial to avoid lowering the quality of the processed fruit. High per¬ 

centages of the tart cherry and prune crops are harvested mechanically, and 

the use of the shake-catch method for cling peaches has increased rapidly 

since about 1969. Variable maturity has been a deterrent to mechanical har¬ 

vesting of apricots but selective, tree-by-tree harvesting could improve the 
situation.6,21 

Apples are quite susceptible to bruise damage, and mechanical harvesting 

costs in the late 1960s were somewhat higher than for hand picking.6 Pears 

are not harvested mechanically, even for processing, because the brown 
spots from bruises do not cook out. 

Olives are difficult to harvest by shaking because the fruits are small, 

detachment forces are high, and the willowy branches provide excellent 

vibration isolation. Relatively long strokes are needed for effective fruit 

removal but may cause excessive limb breakage. Tests in California with 

specially built experimental limb-type shakers have indicated that, with 

properly controlled operation, 80 to 90% fruit removal is usually obtainable 

without excessive tree damage.12 In general, these tests showed the desirable 

operating zone to be with stroke-frequency combinations ranging from 76 

mm [3 in.] at 1000 cycles per minute to 38 mm [IVi in.] at 2000 cycles per 

minute. The resulting power requirements are several times as great as for 
shaking most deciduous fruits.12 

Citrus is the major tree crop in the United States but one that has been 

difficult to harvest mechanically. Intensive research efforts have been direc- 
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ted toward mechanical harvesting since about I960.6 Inertia-type limb 

shakers, developed in Florida especially for citrus, have given satisfactory 

performance for citrus to be processed, removing 90% or more of the fruit.8 

Best results were obtained with relatively long strokes (203 mm [8 in.] at a 

maximum frequency of 270 cycles per minute).8,26 

Another mass-harvest concept that has been investigated for citrus is the 

use of an oscillating air blast to shake the foliage. In one arrangement, air at 

160 km/h [100 mph] is discharged from 2 side-by-side outlets 254 mm [10 

in.] wide and 6.1 m [20 ft] high, directed toward one side of the tree as the 

machine moves down the row at about 0.4 km/h [ 14 mph].37 Mechanically 

moved deflectors in the outlets change the air direction at a frequency of 60 

to 70 cycles per minute. This system is attractive because of its high potential 

capacity. Fruit-removal percentages vary widely, ranging from 60% up to 

90% and above.37 Power requirements are high and there is some leaf 

damage. 

The development of effective abscission chemicals to reduce the force re¬ 

quired for fruit detachment would improve the performance with either 

mechanical shakers or airblast shakers. Neither of these systems has been 

considered satisfactory for fresh-market citrus because of excessive fruit 

damage. The trend toward processing an increasingly high percentage of the 

citrus crop makes mass-removal systems more feasible than they were in the 

early 1960s. 
Both of the above systems cause a substantial, subsequent yield reduction 

when used on late-crop Valencia oranges or lemons because next year’s crop 

is already partly developed at harvest time and many of the small fruits are 

removed by the shaking action. Prototype systems employing limb shakers 

and airblast foliage shakers were operated on a limited commercial basis in 

Florida in 1968-69, using either catching frames or ground-pickup 

machines.6 A special pickup machine for oranges was developed in 

Florida.27 
21.9. Man Positioners for Harvesting Tree Fruits. Fresh-market fruits, as 

well as pears for either processing or fresh market, are picked by hand to 

minimize bruising. Man positioners are sometimes employed as harvest 

aids, the primary objective being to reduce the worker’s nonproductive time 

and thereby increase his output. Single-man positioners are generally self- 

propelled, controlled from the picker’s platform, and capable of providing 

three-dimensional positioning of the worker. These have not met with much 

success because of the high investment per worker, the need for considerable 

field management, and the relatively small increase in productivity (typically 

20 to 25%).6 
A system that has shown considerable promise as an interim solution to 

mechanization, especially in pears, requires special planting and/or training 

to form continuous, dense hedge rows not over 1.8 m [6 ft] thick. A mul- 
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tilevel picking platform moves along continually between 2 rows as workers 

pick the adjacent sides of the 2 rows. The fruit is placed on conveniently 

located conveyors that deposit it in a bin carried on the machine. The 

workers are stationed at different elevations, each picking from a band 0.9 to 
1.2 m [3 to 4 ft] high. 

One experimental model had a stair-step arrangement along one side that 

permitted some movement of workers to adjust for variations in fruit den¬ 

sity.'3 This machine employed a crew of 9 to 13 workers. Tests in hedgerow- 

trained pears indicated that productivity per worker could be increased as 

much as 50 to 80% in comparison with ladder-and-bag picking and that the 

greatest advantage of the platform unit is realized with inexperienced 
workers. 

Picking platforms and other types of man positioners may reduce har¬ 

vesting costs, but the saving in labor is too small to be of much significance 
in case of a severe labor shortage. 

21.10. Grape Harvesting. Mechanization of grape harvesting is com¬ 

plicated by wide differences in varietal characteristics, cultural methods, 

topography, and utilization. Costly, special trellising and retraining are 

needed in many cases. Research programs on mechanical harvesting were 

initiated at the California and Cornell (New York) Agricultural Experiment 

Stations in the 1950s. The first appreciable amount of harvesting with com¬ 

mercially available machines was in 1968, when about 30 harvesters were in 

use.6 Several manufacturers had models available by 1971. Current models 

all employ impacts or shaking to remove clusters or individual berries by 

means of inertia. Most are straddle-row, self-propelled units, but pull-type 

straddle units are available. Some machines have vertical-stroke impacters 
or shakers, and others have horizontal-stroke devices. 

Vertical-stroke harvesters with one impacter per row-side need special, 

offset trellises so the impacter can strike the bottom of the trellis wire on the 

upward stroke as the machine moves along the row. The vertical stroke of 

the impacter may be 127 mm [5 in.] or more, with frequencies of 250 to 500 

cycles per minute. Vertical-stroke impacters remove some varieties, in¬ 
cluding Thompson Seedless, primarily as clusters. 

Horizontal-stroke harvesters are of two distinct types. The most com¬ 

monly employed principle is the use of oscillating, horizontal-stroke paddles 

or rods extending rearward from a vertical shaft. Shaking is accomplished 

by slapping the vines from the sides. A recent development (1976-1977) is 

the use of the continuous trunk-shaking principle. Bars or belts that move 

along the row on both sides of the trunks impart a lateral oscillation to the 

trunks. Avoiding foliage contact offers the potential of greatly reduced vine 

damage and defoliation, which are often problems with the rod-type shakers 

With either type of harvester, overlapping, spring-loaded catch plates enter 

the row from each side, forming a continuous bed beneath the vines and 
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directing the fruit onto conveyors. The plates automatically spread apart to 

slide around stakes, trunks, or other obstacles. 

The horizontal-stroke principle was developed in New York, primarily for 

Concord grapes that are to be crushed. This type of harvester removes the 

grapes of most wine varieties as individual berries, many of the berries being 

broken in the process.6 Damage is not of great concern with many grape 

varieties that are to be crushed, since they are collected and handled in 

liquid-tight bins or gondolas. Horizontal-stroke harvesters can operate in 

some vineyards that have simple, vertical trellises, without the necessity for 

special trellising or training conversions. 

About 15% of California’s grapes are dried for raisins, mostly on trays in 

the field. Raisin grapes must be handled carefully to avoid rupturing the 

berries. Tests have shown that if the fruiting canes of Thompson Seedless 

grapes (the main raisin variety) are severed at harvest time and left on the 

trellis wires, the leaves and fruit pedicels become dry and brittle in a few 

days.35 The partially dehydrated fruit, when harvested mechanically, then 

detaches predominantly as single, undamaged berries. 
A system for simultaneous harvesting and spreading of raisin grapes was 

developed at the California Agricultural Experiment Station.35 A spreading 

machine towed behind the harvester or driven beside it receives the grapes in 

a hopper as they are harvested, unrolls paper on a prepared bed to form a 

continuous tray between rows, and spreads the grapes in a uniform, thin 

layer on the paper. After drying is complete, another machine picks up the 

paper and collects the raisins in bins. 

21.11. Harvesting Bush and Cane Fruits. Cultivated (high-bush) 

blueberries, blackberries, Boysenberries, and raspberries can be harvested 

successfully by machines that have vibrating devices such as panels, bars, 

paddles, or groups of fingers. Berry harvesters have been available commer¬ 

cially since about 1966 and their use is increasing rapidly.6 One type has 

radial, vertically vibrated fingers on free-turning vertical cylinders. Another 

type has 2 plywood panels that press against the canes from both sides of the 

row and are vibrated laterally, in unison, at about 250 cycles per minute. 

Others have horizontal-stroke paddles (similar to grape harvesters) or panels 

of fingers vibrated vertically or horizontally. Airblast cleaning devices to 

remove leaves and other light debris are important components. 

Most varieties of blueberries and cane fruits ripen over a period of several 

weeks, necessitating multiple harvests at periods of 5 to 7 days. Selective 

mechanical harvesting is possible because mature fruits detach more easily 

than immature fruits. In some cases the quality is superior to that from hand 

picking because ease of detachment is better than color as an indicator of 

maturity. Multiple machine harvests tend to cause cumulative damage to 

canes, necessitating special pruning practices. Uniform-maturing varieties, 

permitting once-over harvests, would be desirable. 
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Problems in harvesting cane berries include excessive fruit damage and 

rapid post-harvest deterioration. Tests have shown that damage can be 

minimized by proper design of the collection, conveying, and cleaning 

system, and postharvest deterioration can be minimized by in-field freezing 

immediately after harvesting.7 An experimental harvester for Boysenberries 

included facilities for freezing the berries with liquid Freon within 2 min af¬ 

ter harvesting.7 The berries were removed with two panels of vibrating 

fingers. The quality was better than from hand picking, and the 10% mass 

loss that occurs after hand picking was eliminated. 

21.12. Strawberry Harvesting. Mechanical harvesting of strawberries pre¬ 

sents a real challenge to both engineers and horticulturists. Strawberries are 

low-growing, easily bruised, and highly perishable, and require multiple har¬ 

vests when picked by hand. Several agricultural experiment stations initiated 

harvester development programs during the 1960s, and breeding programs 

to develop varieties suitable for once-over harvests have been underway since 

1959.6 Although progress has been made, there was very little commercial 

mechanical harvesting in 1976. Excessive fruit damage and large yield reduc¬ 

tions because of nonuniform maturity continue to be problems. 
Most experimental machines have had some type of stripping or combing 

mechanism, often assisted by an air lift.6 A complete harvester includes 

pneumatic cleaning facilities to remove leaves and trash, as well as a con¬ 

veying and collection system. An experimental harvester developed at the 

Iowa Agricultural Experiment Station33 had a bank of fore-and-aft- 

vibrating fingers that combed through the plants continually. A rearward- 

directed air nozzle, located at the rear of the fingers, conveyed the berries up 

an inclined apron to a cross conveyor and also provided pneumatic cleaning. 

Another experimental machine20 employed a high-velocity air stream to lift 

the berries while still attached, and a stem vibrator to detach the suspended 

berries. Some selectivity was achieved. A machine that clips the entire plant 
just above the ground surface has also been tested.5 

Machine-harvested strawberries include immature and spoiled fruit which 

must be removed by hand. Removal of caps (calyxes) and stems is necessary 

for processing. A mechanical capper developed at the Michigan Agricultural 

Experiment Station in the early 1970s36 properly capped over 90% of the 

berries at a rate of 340 to 410 kg/h [750 to 900 lb/h] in 1974 tests. Pairs of 

close-spaced, counter-rotating, rubber-covered rollers on a conveyor grip the 

stems. The captured berries are carried up through a vertical section of the 

conveyor and then downward past a serrated band saw that cuts close to the 

rollers, removing the caps (and, with some varieties, a thin slice from each 
berry). 
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VEGETABLE HARVESTING 

Mechanical harvesting and handling have been widely accepted for 

potatoes, green peas and lima beans, processing tomatoes, snap beans, 

spinach, and processing sweet corn. Considerable progress has been made in 

developing harvesters for many other vegetables but acceptance rates have 

varied considerably, depending upon the problems involved and the potential 

economic gain from mechanization. The status of mechanization in the mid 

1970s, problems involved, and equipment are discussed for most of the im¬ 

portant vegetable crops in the following sections. Potato harvesting and dry- 

onion harvesting are covered in Chapter 20. 

21.13. Tomato Harvesting. Tomatoes are second only to potatoes in im¬ 

portance among United States vegetable crops.6 About 85% of the crop is 

processed each year. More than 75% of the nation’s processing tomatoes are 

grown in California, and practically all of these are harvested mechanically. 

The first mechanical harvesting on a commercial basis was in 1961 and 

1962. A cooperative research program at the California Agricultural Experi¬ 

ment Station, conducted during a period of over 10 years, had produced a 

California variety suitable for mechanical harvesting and had demonstrated 

the feasibility of certain principles for harvesting this variety mechanically. 

The acceptance of mechanical harvesting in California was quite rapid, 

partly because of a severe labor shortage created by the termination, in 1964, 

of the Mexican-National labor-import program. Mechanization has 

progressed much less rapidly in other states,6 two reasons being climatic dif¬ 

ferences and the lack of varieties suitable for mechanical harvesting. 

Tomato harvesters are once-over machines that sever the plant stems, 

usually at or just below the ground surface (or uproot the plants), take the 

entire plants into the machine, and detach the fruits by shaking. Leaves, 

dust, and other light debris are separated from the detached fruit with 

blowers. On harvesters having only hand sorting, the fruits are conveyed on 

sorting belts past workers who remove green fruits, other culls, and any 

remaining clods and other debris. From 10 to 20 sorters may be needed, the 

number depending primarily upon the harvest rate and the maturity and 

condition of the fruit. Average harvest rates of 14 to 18 Mg/h [15 to 20 

tons/h] are common. The sorted fruit is conveyed directly into bulk trucks 

or into bins on a special trailer towed beside the harvester. 

Electronic color sorters for tomato harvesters became available commer¬ 

cially in 1975. They quickly became quite popular in spite of the high initial 

cost ($35 000 to 40 000 extra, on new harvesters, in 1976). The tomatoes and 

other objects are conveyed past electro-optical sensors, either single file 
in 8 to 12 separate channels for each of 2 assemblies, or as a continuous- 

width stream one layer deep. Green tomatoes, clods, and other non-red ob¬ 

jects are ejected from the falling stream, either mechanically or with a 
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momentary blast from an air jet. Hand sorters are still needed to remove cull 

red tomatoes, but only half as many sorters are needed as without electronic 

sorting. The advantage of electronic sorting diminishes as a field becomes 

more mature because there are fewer green tomatoes to remove 

mechanically and more culls that must be removed by hand. 

Vine cutting or uprooting is generally accomplished with (a) either a V- 

shaped stationary knife (point leading) or two separate knives with the 

cutting edges at an angle of 45 to 55° from the direction of travel, (b) a 

sickle-bar type of cutter with stub guards, that cuts below ground, or (c) a 

rotating square bar that operates beneath the ground (like a rod weeder) and 

uproots the plants. Cutting or uprooting the plants and getting the vines onto 

an elevating conveyor without knocking fruit off of the plants and losing it, 

and without picking up excessive amounts of soil, is a problem that has not 
been completely solved for all conditions. 

Rubber-covered, rod-link chains employed as elevating conveyors on 

some harvesters provide some dirt separation. Other machines have two 

draper-type elevating conveyors in series, with an arrangement between the 

conveyors that removes dirt and loose tomatoes onto special sorting belts. 

The good fruits are picked off of these belts and the unwanted materials are 
discharged onto the ground. 

Some shaking units have horizontal conveying chains spaced 125 to 150 

mm [5 to 6 in.] apart across the full width of the unit. Vertical fingers on the 

chains engage the vines. A fore-and-aft oscillating motion of the chains is 

superimposed on the overall net rearward motion. In one model the chains 

pass around a parallelogram, the top leg of which is oscillated. Another 

model has a unique drive arrangement that imparts a cyclic velocity reversal 

(160 cycles per minute) to chains having fixed sprocket-shaft locations, with 

the rearward (advancing) motion in each cycle being about twice as great as 

the forward (return) motion. A walker-type shaker has oscillating, vertical 

fins spaced across the separation section. The front ends of the fins have a 

nearly horizontal fore-and-aft motion but the rear ends have a substantial 

vertical component to give a more vigorous shaking action for fruits that 

have resisted detachment. With any of these shakers, the detached fruits fall 

through the openings between chains or fins onto a collecting conveyor. 

Because tomatoes are quite susceptible to impact damage, the shakers and 

and all conveyors must be designed to minimize drop distances and impacts 

resulting from fruit inertia. Adequate cushioning at all critical contact points 

is important. In spite of great improvements since tomato harvesters first 

became available, excessive damage continues to be a major problem. 

Fresh-market tomatoes have been harvested to a limited extent with con¬ 

ventional machines having special padding and other minor modifications. 

Some of the newer fresh-market varieties seem to be reasonably well-suited 
to mechanical harvesting. 
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21.14. Snap-Bean Harvesters. Mechanical harvesters for bush snap beans 

were developed commercially in the 1950s and are now widely used. Several 

companies in the United States and Europe have developed machines.6 All 

of these employ slender steel fingers or tines that comb through the plants, 

removing the pods and most of the leaves and throwing them onto a belt or 

other conveyor. Mechanical and aerodynamic means are employed on the 

machine to remove most of the trash. 

One type of picker has radial fingers attached to cylindrical reels and has 

one reel per row. Each reel axis is in a vertical plane parallel with the row. 

Most United States harvesters of this type are two-row models built onto 

modified tractors. Lifter points guide the plants into each picking unit. The 
reel bends the plants sharply and holds them against a sheet-metal concave 

backing plate, as shown in Fig. 21.2Z>, as the fingers comb through them. The 

reel and the concave are usually higher at the front end than at the rear so 

the tops of the plants are combed first as the machine moves along the row. 

Some models have a rotary brush directly above each reel to “doff’ any 

pods or plant material remaining on the fingers. 

High-speed motion pictures during laboratory tests with a commercially 

available machine4 showed that when a finger acts upon the pod stem, as 

shown in Fig. 21.2a, the pedicel breaks due to the severe deflection and high 

bending stress. If the finger applies force directly to the pod, the pod is likely 

to break, sometimes near the stem end and sometimes remote from the end.4 

The velocity imparted to the pod usually carries it over the concave plate and 

throws it onto the conveyor belt, but some pods slide back down the concave 

and are lost. The tip speed of the fingers was about 4.6 m/s [900 ft/min] in 

these tests. Clearance between the concave plate and the finger tips was 16 
mm [5/8 in.]. 

Fig. 21.2. A cylindrical-reel-type snap-bean picker, (a) A pod being removed by a Finger con¬ 

tacting the pedicel. Drawing made from high-speed photograph. (B. L. Bledsoe and A. H. 

Morgan.4) (b) Schematic, cross-sectional arrangement of reel and concave plate. 
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A multirow harvester developed in England has the picking fingers at¬ 

tached to a chain-and-slat reel.6 The chain and sprockets on each end form a 

loop about 460 mm [18 in.] high and 150 mm [6 in.] thick. The reel is 1.83 m 

[6 ft] long and set at a 45° horizontal angle from the line of travel, thereby 

giving continuous coverage across a band about 1.22 m [4 ft] wide. This 

arrangement is well-suited to close-spaced rows in high-population 

plantings. The top of the reel is tilted forward so the tops of the plants are 
combed first. 

A multirow picker developed in the United States in the early 1970s has a 

header-like arrangement with the reel perpendicular to the rows. The fingers 

are attached to bars that are cam-controlled like on a pickup reel for a self- 

propelled windrower. The reel lifts the vines and strips them over a concave 

plate located immediately behind the lower part of the reel. 

21.15. Harvesting Green Peas. Since the early 1900s, green peas have 

been shelled by feeding the vines into stationary machines known as pea 

viners.6 Mobile green-pea combines (also used for green lima beans) were 

introduced in the early 1960s and have largely replaced stationary viners, 

primarily because of lower harvesting costs. Stationary viners are no longer 

being manufactured.6 Both self-propelled and pull-type machines are 

available as hillside combines (Fig. 21.3). These have automatic side leveling 

Fig. 21.3. Hillside green-pea combine with automatic side and fore-and-aft leveling. Note that 

the four main support wheels remain vertical. (Courtesy of FMC Corp.) 

and fore-and-aft leveling, similar to the systems on hillside grain combines 

(Section 17.3). About one-third of the United States plantings are in the 
Pacific Northwest, much of this in hilly areas. 
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Green peas usually are cut and windrowed with specially designed self- 

propelled or tractor-mounted windrowers prior to either stationary or field 

shelling. Vine lifters, hinged and spring-loaded so the points can follow 

ground-surface irregularities, are mounted on cutterbar guards at about 305- 

mm [1 -ft] intervals. A more recent approach has been to adapt a multirow 

snap-bean picking unit to the header of a self-propelled green-pea combine, 

thereby eliminating the windrowing operation and reducing the amount of 

plant material that the sheller must handle. 

Shellers on green-pea combines operate on the same basic principle as 

used for many years in stationary viners. The vines are fed into a nearly 

level, slowly rotating, screen-mesh drum 1.5 to 1.7 m [5 to 5'/2 ft] in 

diameter. Inside the drum is a rapidly rotating cylinder with short lengths of 

paddle-type beaters mounted around the periphery. Beater overall diameters 

are 965 to 1090 mm [38 to 43 in.] and peripheral speeds are generally in the 

range from 8.6 to 12.7 m/s [1700 to 2500 ft/min]. Ribs or baffles projecting 

inward from the drum screen repeatedly lift the vines and pods and drop 

them onto the cylinder beater. The impacts from the beater paddles cause 

the pods to open. The peas and some small waste then fall through the open¬ 

ings in the drum screen onto an inclined apron or a draper conveyor. 

The beater paddles are inclined at a small angle from the cylinder axis so 

they gradually move the vines toward the discharge end of the drum. The 

rate of vine movement through the drum can be controlled by changing the 

beater speed. Since the rate of movement is also a function of drum slope, 

even level-land combines often have provision for fore-and-aft leveling. 

The shelled peas are cleaned pneumatically and deposited in a hopper on 

the machine. Pods are screened out and returned to the drum inlet. 

21.16. Harvesting Sweet Corn. Mechanical harvesting of sweet corn for 

processing became a widespread practice during the 1950s. Conventional 

field-corn snappers having stripping plates above fluted stalk rolls (similar to 

Fig. 18.3) have been employed. The standard flutes on the stalk rolls are 

sometimes replaced with knives that cut part way through the ear shank to 

facilitate snapping. Minor modifications in the conveying system are made 

on some models. Two-row mounted units are the most common, one har¬ 

vester replacing 10 to 15 hand pickers. A four-row, self-propelled harvester, 

utilizing many of the basic components of an existing design of a combine 

field-corn head, became available in 1970. 
Since the mid 1960s there has been an increasing interest in, and accep¬ 

tance of, mechanical harvesting of fresh-market sweet corn.6 Several com¬ 

panies have developed pickers suitable for fresh-market corn. Field reports 

have indicated that these specially designed models cause little damage to 

the ears. Mechanical harvesters for either fresh-market or processing corn 

often recover substantially more corn per hectare than from hand picking 

because fewer ears are missed and left on the stalks. The large saving in pick- 
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ing labor is partly offset by increased labor required for grading and packing 

machine-picked fresh-market corn. 

Varietal characteristics, such as variations in ear size, ease of detachment, 

uniformity of maturity, husk layer thickness, stalk brittleness, and ear 

height, have an important bearing on machine performance. Minimum husk 

removal, minimum damage, and uniform, short shank lengths on the har¬ 
vested ears are desired for fresh-market corn. 

One effective system for detaching the ears and conveying them away 

from the picking unit is shown in Fig. 21.4. The knives on the stalk rolls cut 

part way through the stalk as the stalk is pulled down. They sever or nearly 

sever the ear shank when an ear is encountered. The ear stop bars are narrow 

plates fastened to a pair of drive chains on each side of the row to form a 

continuous, moving “wall” on each side of the ear. The stop bars limit the 

downward movement of the ears before severance and then move the 

detached ears rearward to an elevating conveyor that deposits the ears in a 
hopper. 

Fig. 21.4. A picking and conveying unit for fresh-market sweet corn. Spacing between stop-bar 

conveyors is adjustable. (Courtesy of FMC Corp.) 

Parallel rolls have been employed to strip ears from stalks held between 

two opposed belts.6 Another system has rubber-covered stripper bars that 

come downward between the stalk and the ear to produce a snapping action 
similar to hand picking.6 

21.17. Harvesting Vine Crops. The first development work in mechanical 

harvesting of pickling cucumbers was with multiple-pick machines. Because 

of greatly reduced yields, cumulative damage to the vines, and other inherent 

problems, major emphasis since about 1965 has been on once-over har¬ 

vesters.6 Several manufacturers had once-over harvesters available commer- 
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dally in 1971. These machines sever the vines just below ground level and 

feed the entire plants through the machine. Resilient rubber rolls pull the 

vines and stems through between them, pinching off the cucumbers. Damage 

from the harvesters has been relatively low. Considerable progress has been 

made in adapting cultural practices to once-over harvesting, and some 

progress has been made in developing more suitable varieties. In 1976, once¬ 

over harvesters were used for at least 85 to 90% of Michigan’s pickling 

cucumbers but for only a small percentage of this crop in other states. 

(Michigan normally has about 20% of the 51 to 57 kha [125,000 to 140,000 

acres] planted each year in the United States for processing.) 
A simple and relatively inexpensive multiple-pick cucumber harvester was 

developed at the North Carolina Agricultural Experiment Station in the late 

1960s.22 The vines are lifted a few centimetres by small-diameter rods that 

pass along each side of the plant base and curve outward toward the rear. 

The rear portions of the rods strike the suspended fruit close to the attach¬ 

ment point and remove them by impact resulting from the forward motion 

of the harvester. Yields are greatly reduced in comparison with hand pick¬ 

ing. Although a low-cost, selective machine of this type might be more feasi¬ 

ble than once-over machines for small areas, this machine has had very little 

commercial acceptance. 
Research during the 1960s has resulted in the development of experimen¬ 

tal selective and once-over cantaloupe harvesters.18,32 Multiple-harvest 

machines have not proved economical or practical because of the low 

production from each of the 5 to 7 harvests required. Also, special training 

of the vines is required. Once-over harvesting is economically impractical 

unless more uniform ripening can be achieved.32 An experimental machine 

that picks up and loads hand-picked cantaloupes was developed in 1973.31 

The pickers place individual melons in alternate, precleaned furrows be¬ 

tween the beds. The machine then picks them up from the furrows and 

deposits them in a truck. This system utilizes the worker’s capability for 

selecting mature fruit, eliminates the onerous hand-carrying operation, 

retains the individual’s independence regarding rate of work, and greatly in¬ 

creases worker productivity. 
Because watermelons are large and do not mature uniformly, they do not 

lend themselves to mechanical harvesting. Experienced judgment is required 

in selecting ripe melons when picking by hand. 

21.18. Lettuce Harvesting. Selective mechanical harvesters for crisphead 

lettuce were developed at the California and Arizona Agricultural Experi¬ 

ment Stations during the 1960s. Patent rights to both machines were licens¬ 

ed to manufacturers in the late 1960s, but commercial development was 
slow because of the reluctance of growers to accept selective mechanical har¬ 

vesting as long as an adequate labor supply was available.6 Experimental 

once-over harvesters have been developed at the Cornell Agricultural Ex- 
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periment Station34 and in Colorado.6 Once-over harvesting is feasible in the 

eastern states but several selective harvests are necessary in the Southwest 
(where 80 to 85% of the United States crop is produced).6 

The selector system is a major component of a selective lettuce harvester. 

Even if varieties and cultural practices suitable for once-over harvesting in 

the Southwest are developed, it is possible that selective mechanical har¬ 

vesting might be more practical than sorting the entire crop 

as a subsequent operation to remove immature heads.2 Both the California 

and the Arizona machines, as originally designed, selected mature heads 

mechanically on the basis of size and firmness.6 A cutting and pickup 

mechanism removed the heads that had been selected. Because the sensing 

unit was necessarily positioned ahead of the cutting unit, a memory device 
capable of storing up to four signals was needed.15 

It has been found that maturity can also be determined by using gamma 

or X-ray radiation through the head to sense a combination of size and 

density.16’24 When the radiation across the row drops below a predetermined 

level, a signal is given to indicate that an acceptable head is in the beam. The 

radiation sensors are more complicated than the mechanical sensors but 

they avoid physical contact with the heads, and tests have shown them to be 

more accurate and more consistent than mechanical sensors.2 

An experimental harvester that was constructed and tested in 1971 

utilized the X-ray selection principle and had provision on the harvester for 

hand trimming and hand packing into cartons.25 In field tests, the time re¬ 

quired for hand trimming was the limiting factor in machine productivity. 

To alleviate this problem, a mechanical trimmer was developed for use on 

the harvester.1 The trimmer was adjustable and did an acceptable job. 

21.19. Cabbage Harvesting. Experimental, once-over cabbage harvesters 

were developed by several universities and small manufacturers during the 

1960s, but commercial acceptance was slow.6 About 90% of the United 

States crop is harvested for the fresh market, 3 to 5 selective hand cuttings 

generally being made.6 Cabbage for processing is usually harvested in a 

once-over operation and, therefore, is more adaptable to mechanical har¬ 
vesting than are most fresh-market varieties. 

A successful cabbage harvester must sever the head from the stump with a 

clean, square cut that is close to the head, should leave the desired number 

of wrapper leaves (varies with the intended use), should not damage the 

heads appreciably, and must be able to handle a wide range of head sizes and 

considerable variation in alignment of plants along the row. Obtaining a 

satisfactory cut has been a problem. Poor alignment in the row, partly 

related to transplanter type and performance, tends to cause variations in 

orientation of heads in the harvester and thus affects cutting (when cut after 

lifting). Plants are likely to be spread over a band at least 20 cm [8 in.] wide.6 
Driving error increases the deviation. 
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Studies and field experience have indicated that the height of the cut 

should be gaged from a reference support surface for the head rather than 

from ground level. This principle was utilized in a harvester developed at the 

Cornell Agricultural Experiment Station which cut off the stumps after 

lifting the plants.6 The heads and stumps were lifted from the soil with two 

powered disks that presented convex surfaces to the underside of each head 

in the row. The planes of the disk edges were inclined downward toward the 

front. The disks delivered the plants to a pair of conveyor chains that 

positively positioned each stump and elevated the plants to a cutoff saw. The 

pickup disks could satisfactorily accommodate plants located as much as 18 

cm [7 in.] on either side of the pickup centerline, and a high percentage of ac¬ 

ceptable cuts was obtained.6 

21.20. Asparagus Harvesting. Since about 1960, many individuals and 

organizations have worked on the development of mechanical harvesters for 

green asparagus.6 Both selective and nonselective machines became com¬ 

mercially available in the late 1960s. A limited amount of green asparagus 

for processing was harvested mechanically in 1976, mostly with nonselective 

machines. Large yield reductions and lack of suitable handling facilities at 

processing plants have inhibited the acceptance of mechanical harvesting. 

A selective harvester attempts to duplicate hand harvesting, sensing and 

cutting spears taller than a preselected height and leaving the shorter spears 

for subsequent harvests. As with hand harvesting, each field must be covered 

daily during most of the 6 to 12 week harvest period. A nonselective har¬ 

vester cuts all spears, regardless of length, at intervals of several days. With 

either type of harvester, cutting may be at, above, or just below ground level. 

A selective harvester has a group of perhaps 8 to 12 selection channels 

covering a total width of 76 to 91 cm [30 to 36 in.] for each asparagus row. 

Each channel must have a height-sensing device, a cutting unit, and a spear¬ 

gripping or pickup unit. Wire triggers projecting from sensitive electric 

switches, and photo cells, have been employed as sensing devices. Knives are 

generally pneumatically actuated. Pairs of narrow, fingered belts grip the 
spears just above the sensing height and elevate them after they are cut. 

Band saws and reciprocating blades have been utilized as cutting devices 

on nonselective harvesters. Reciprocating blades generally cut at least 2.5 

cm [1 in.] above ground level, whereas band saws can cut at or slightly below 

ground level. The spears are elevated by a draper conveyor or with a series of 

rotating gripper units. A sled-type harvester developed in Michigan has a V- 

shaped stationary knife just ahead of an open-front bin. Sled harvesters are 

operated at 16 to 24 km/h [10 to 15 mph] and cut just above the ground sur¬ 

face. Inertia throws the spears (and some trash and clods) back into the bin. 

Asparagus production per harvest is quite low compared with most crops, 

generally being in the order of 55 to 110 kg/ha [50 to 100 lb/acre] for daily, 

selective harvests. Spear tips are easily broken when the spears are turgid, as 
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in cool weather. The maximum interval between nonselective harvests is 

limited by the tendency for spears to “flower” or develop open heads (which 

makes them culls) when they become taller than 20 to 30 cm [8 to 12 in.]. 

During warm weather, a height of 25 to 30 cm [10 to 12 in.] may be attained 

within 4 to 5 days after emergence. 

Nonselective harvesters, because of the high percentage of short spears 

and tips cut each time, recover only about half the hand-cut yield, based on 

lengths acceptable for processing.23 Selective harvesters cause substantial 

yield losses by cutting or damaging unselected spears28 and because of 

various machine performance factors.23 A nonselective harvester is basically 

simpler and more reliable than a selective harvester and can handle several 

times as much crop area because of higher forward speeds and the less fre¬ 

quent harvests. Nonselective yield losses are prohibitive in situations where 

spears shorter than about 15 cm [6 in.] have little value (as for fresh-market 

asparagus). 
A cost analysis made in 196923 indicated that, under California conditions 

at that time, either system of mechanical harvesting would result in less net 

income per hectare than from hand harvesting. The use of greatly increased 

plant populations to increase the potential yield per hectare is a promising 

method of improving the economic feasibility. 

Most mechanical harvesters deposit the spears in a bin in a jumbled man¬ 

ner. Present processing procedures generally require that the spears be 

aligned and oriented with all the heads in the same direction, which is the 

way hand-harvested asparagus is delivered. Automatic spear orienters have 

been developed, utilizing the characteristic that the center of gravity of a 

spear is usually closer to the butt end than to the tip.17 

21.21 Celery Harvesting. Celery has good potential for mechanical har¬ 

vesting because of the nature of its growth. Several successful harvesters 

have been developed on a commercial basis since the mid 1960s.6 These grip 

the stalks with opposed belts and employ various kinds of knives to cut the 

root systems. Topping may also be done by the harvester. Bulk handling is 

feasible because the outer petioles, which are later removed, provide protec¬ 

tion against damage. Mechanical stripping of the petioles is needed for a 

fully mechanized harvesting and handling system. The extent of mechanical 

harvesting was still rather limited in 1976. 

21.22. Spinach Harvesting. A high percentage of the spinach crop is har¬ 

vested mechanically.6 The basic components of a harvester for spinach and 

other nonheading leafy vegetables are plant lifters or guides, a cutting 

mechanism, and an arrangement to elevate the material and deliver it into a 

bulk truck or trailed wagon or into crates or other small containers handled 

on the harvester. One type of cutting mechanism consists of a high-speed, 

sharpened, rotary disk for each row. 
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PROBLEMS 

21.1. Consider a fruit or other object carried on a horizontal conveyor belt that has a linear 

velocity V and passes around a pully whose radius is R. The center of gravity of the object is at a 

distance dg from the belt. Derive equations to express each of the following in terms of R, dg, 

and V. Assume the object does not slip or roll on the belt, and neglect belt thickness. Specify the 
units for each variable. 

(a) The rotational angle d, beyond the vertical line through the pulley center, at which the ob¬ 
ject leaves the belt. 

(b) The horizontal velocity component Vhl of the object at the time it leaves the belt. 

(c) The minimum belt speed at which the object would leave the belt directly above the pulley 
centerline (0 = 0). 

21.2. (a) Using the relations developed in Problem 21.1, calculate the minimum belt speed 

for 0 = 0 when a fruit with dg = 28 mm is carried on a belt that passes around a 150-mm- 
diameter pulley. 

(b) Calculate the value of 0 for a belt speed of 38 m/min. 

(c) Some fruits are damaged from a free fall of over 23 cm. Calculate the impact velocity for 
a 23-cm fall and compare with (a). 
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Appendix A 
DRAFT, ENERGY, AND POWER REQUIREMENTS 

Machine 

Typical Range 

of Requirements References 

Tillage 
Moldboard or disk plow 2.1-4.1, 3.4-6.2, 5.5-9.7 N/cm2 

[3-6, 5-9, 8-14 lbf/in.2]a 2 

Lister (in firm soil) 1.8-3.6 kN per bottom 
[400-800 lbf per bottom] 2 

Vertical-disk plow (one-way disk) 
Disk harrow 

2.6-5.8 kN/m [180-400 lbf/ft] 2 

Single-acting 0.7-1.5 kN/m [50-100 lbf/ft] 2 

Tandem (light-duty) 1.5-2.9 kN/m [100-200 lbf/ft] 2 
Offset, or heavy tandem 3.6-5.8 kN/m [250-400 lbf/ft] 1, Ch. 7 

Subsoiler 120-190, 190-280 N per cm depth b 

Chisel plow or chisel-type 
[70-110, 110-160 lbf per inch depth] 2 

field cultivator 0.23-0.69 kN/m per cm depth 

Field cultivator with sweeps, 
[40-120 lbf/ft per inch depth] 3,4 

8 to 13 cm [3 to 5 in.] depth 
Powered rotary tiller, conventional, 

1.5-4.4 kN/m [100-300 lbf/ft] 3,4 

8 to 10 cm [3 to 4 in.] bite 10-17,17-24, 21-28 equiv. N/cm2 
[15-25, 25-35, 30-40 equiv. 

lbf/in.2]c 2, Ch. 9 
Spring-tooth harrow 1.1-2.9 kN/m [75-200 lbf/ft] 1,2 
Spike-tooth harrow 0.3-0.9 kN/m [20-60 lbf/ft] 2 
Rod weeder 0.9-1.8 kN/m [60-120 lbf/ft] 2 
Roller or packer 0.3-2.2 kN/m [20-150 lbf/ft] 1 
Rotary hoe 
Row-crop cultivator 

0.4-1.5 kN/m [30-100 lbf/ft] 1 

Shallow 0.6-1.2 kN/m [40-80 lbf/ft] 2 
Deep 0.11-0.23 kN/m per cm depth 

Planting 
Row-crop planter, drilling 

[20-40 lbf/ft per inch depth] 2 

seed only 0.45-0.8 kN [100-180 lbf] per row 2 
Grain drill 

Harvesting 
0.4-1.5 kN/m [30-100 lbf/ft] 1 

Mower 1.0-2.0 PTO kW/m [0.4-0.8 hp/ft] d Ch. 14 
Hay baler 0.8-2.1 kW-h/Mg [1-2.5 hp-h/ton]e Ch. 15 
Field cuber, self-propelled 
Flail-type field chopper 

16-25 kW-h/Mg [20-30 hp-h/ton] Ch. 15 

Without recutter 1.1-2.1 kW-h/Mg [1.3-2.5 hp-h/ton] e 2 
With flywheel-type recutter 

Shear-bar-type field chopper f 
1.6-3.3 kW-h/Mg [2-4 hp-h/ton]e Ch. 16 

Corn silage, 13 mm [V2 in.] theor. cut. 0.7-1.6 kW-h/Mg [0.8-2 hp-h/ton] <= 2, Ch. 16 
Green grass/legume silage 0.8-2.1 kW-h/Mg [1-2.5 hp-h/ton]e Ch. 16 
Low-moisture grass/legume silage 1.6-4.1 kW-h/Mg [2-5 hp-h/ton]e Ch. 16 

Self-propelled combine in grain 3.3-4.9 kW-h/Mg [4-6 hp-h/ton] 
of non-grain material Ch. 17 

Corn picker, 2-row 9-15 kW [12-20 hp] 1 

a Specific drafts (force per unit of furrow cross-sectional area) for light, medium, and heavy 
soils, respectively. 
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b Ranges are for sandy loam and medium or clay loam soils, respectively. 

c All rotary power, but expressed as equivalent specific draft. Specific energy, in kJ/m3, = 10 

X specific draft, in N/cm2. Ranges are for light, medium, and heavy soils. Increasing the bite 

length to 15 cm [6 in.] decreases energy requirements by 20 to 25% (Fig. 9.7). 

d Draft due to cutterbar drag not included. 

e Draft due to rolling resistance not included. 

f Energy requirements per unit of mass are lowest with high feed rates, low cutterhead speeds, 
and long cuts. 

REFERENCES 

1. Agricultural machinery management data. Agricultural Engineers Yearbook, 1976, pp. 

322-329. ASAE, St. Joseph, Mich. 

2. Costs and use, farm machinery. Agricultural Engineers Yearbook, 1963, pp. 227-233. 

ASAE, St. Joseph, Mich. 

3. DOWDING, E., J. A. FERGUSON, and C. F. BECKER. A comparison of four summer- 

fallow tillage methods based on seasonal-tillage energy requirement, moisture conserva¬ 

tion, and crop yield. ASAE Paper 66-122, June, 1966. 

4. PROMERSBERGER, W. J., and G. L. PRATT. Power requirements of tillage imple¬ 

ments. North Dakota Agr. Expt. Sta. Bull. 415, 1958. 



Appendix B 
TYPICAL OPERATING SPEEDS FOR IMPLEMENTS 

Machine 

Operating Speed 

km/h mph 

Tillage 
Cultivator, field 5.6-8.9 3.5-5.5 

Cultivator, row-crop 
First (close) cultivation 2.4-4.8 1.5-3 

Later cultivations 4.0-8.9 2.5-5.5 

Disk harrow 5.6-9.7 3.5-6 

Plow (moldboard or disk) 5.6-8.9 3.5-5.5 

Roller (cultipacker) 4.8-9.7 3-6 

Rotary hoe 8.0-18 5-11 

Spike-tooth harrow 5.6-9.7 3.5-6 

Spring-tooth harrow 5.6-9.7 3.5-6 

Seeding 
Broadcaster 6.4-10 4-6.5 

Grain drill 4.0-8.9 2.5-5.5 

Row-crop planter 
Corn, cotton, soybeans 5.6-9.7 3.5-6 

Most other crops, including vegetables 4.0-7.2 2.5-4.5 

Harvesting 
Combine, in grain or corn 3.2-5.6 2-3.5 

(Speeds may be as low as 0.8 km/h [Vi mph] in some crops) 
Corn picker 3.2-6.4 2-4 

Cotton picker (spindle-type) 2.4-5.6 1.5-3.5 
Cotton stripper 3.2-6.4 2-4 

Field chopper, shear-bar type 3.2-7.2 2-4.5 
Hay baler 3.2-8.0 2-5 
Mower 5.6-8.9 3.5-5.5 
Mower-conditioner 5.6-8.0 3.5-5 
Rake 5.6-11 3.5-7 
Windrower, self-propelled 5.6-8.9 3.5-5.5 

Miscellaneous 
Fertilizer spreader (broadcast) 4.8-8.0 3-5 
Rotary cutter (stalk chopper) 4.8-9.7 3-6 
Sprayer 4.8-8.0 3-5 

REFERENCES 

1. Agricultural Machinery Management Data. Agricultural Engineers Yearbook, 1976, pp. 

322-329. ASAE, St. Joseph, Mich. 

2. BOWERS, W. Modern Concepts of Farm Machinery Management. Stipes Publishing Co., 

Champaign, Ill., 1970. 

3. FAIRBANKS, G. E., G. H. LARSON, and D. CHUNG. Cost of using farm machinery. 

Trans. ASAE, 74(1)98-101, 1971. 

4. HUNT, D. Farm Power and Machinery Management, 6th Edition. Iowa State University 

Press, Ames, Iowa, 1973. 
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Appendix C 
COEFFICIENTS OF ROLLING RESISTANCE FOR PNEUMATIC TIRES 
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Appendix D 
GRAPHIC SYMBOLS FOR FLUID POWER DIAGRAMS 

(Partial listing from American National Standard ANS Y32.10, 1966) 

LINES AND LINE FUNCTIONS 

Line, working (main) 

Line, pilot (for control) 

Line, drain 

Flow direction 
Hydraulic 

Pneumatic 

Lines crossing 

Lines joining J ►- 

Line, flexible 

Line with fixed restriction X 
Station (testing, measurement, 

or power take-off) -X 

Line to reservoir* 

Above fluid level 

Below fluid level L _l 
L J 

Vented manifold X 
Adjustable or variable component 

(run arrow through symbol at 

approximately 45°) X
I 

Pressure compensated units 

(arrow parallel to short side 

of symbol) 

1 
i0 

Temperature cause or effect J 
*Any number of these symbols may be used in one diagram to represent the same reservoir. 
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VALVES (See also Fig. 4.3) 

Check 

On-off (manual) 

Pressure relief, direct-acting 

(indicates infinite positioning, 

normally closed, for single port) 

Pressure reducing, direct-acting 

(indicates infinite positioning, 

normally open, for single port) 
~l 

J 

Flow control, adjustable, 

noncompensated 

Flow control, adjustable, pressure- 

compensated, with reverse bypass 

Two-way (two ports), two-position 

Three-way (three ports), 

two-position 

Four-way (four ports), 

two-position 

Four-way, three-position, 

closed center 

Four-way, three-position, 

two-ports open center 

(tandem) 

I 

Horizontal bars indicate valve 

capable of infinite positioning 

within limits 

General (add divisions and 

internal paths) 

Spring 

ACTUATORS AND CONTROLS 

Manual (general symbol; 

no specific type) 

Push button 

Push-pull lever 

Pedal or treadle 

Mechanical Q= 

Detent (vertical line indicates 

which detent is in use) 

Pressure compensated 

Solenoid, single winding 

Reversing motor oc" 
Pilot pressure, remote supply 

Pilot pressure, internal supply 

Pilot differential 

Basic symbols may be combined in many other ways to represent different components. All 

symbols except accumulators, vented manifold, and lines to reservoirs may be rotated or rever¬ 

sed. In a circuit, each symbol should be drawn to show normal, at-rest, or neutral conditions of 

the component, unless multiple diagrams are included to show various phases of circuit opera¬ 

tion. 



Appendix E 
SI UNITS, CUSTOMARY UNITS, AND CONVERSION FACTORS 

This appendix identifies SI and U.S. customary units and symbols found in this book. It in¬ 

cludes all of the single-unit conversion factors used in the book and most of the compound-unit 

conversions. 

SI UNITS AND SYMBOLS 

Unit Name Symbol Definition Quantity 

metre m base unit length 

kilogram kg base unit mass 

second s* base unit time 

newton N kg-m/s2 force 

pascal Pa N/m2 pressure 

joule J N-m energy, work 

watt W J/s power 

hectare ha hm2 area (land) 
litre L dm3 volume (liquids) 
minute min* 60s time 
hour h* 60 min time 
hertz Hz* s~' frequency 
degree o* x/180 radians plane angle 
degree Celsius °c Kelvin — 273.15 temperature 

SI UNIT PREFIXES (Partial List) 

Multiple Name Symbol Submultiple Name Symbol 

10'2 tera T 10-' deci d 
109 giga G 10-2 centi c 
106 mega M 10~3 milli m 
103 kilo k 10-6 micro ^ 
102 hecto h 

U. S. CUSTOMARY UNITS AND SYMBOLS OR ABBREVIATIONS 

Symbol or Unit Symbol or Unit 
abbrev. name abbrev. name 

bu bushel in. inch 
cfm cubic foot per minute lb pound mass 
°F degree Fahrenheit lbf pound force 
ft foot mph mile per hour 

gal gallon psi pound force per square inch 
gpm gallon per minute (pressure or stress) 
hp horsepower r/min* revolution per minute 

CONVERSION FACTORS 

Each factor is written as a number greater than one and less than 10. The number is followed 
by the letter E (for exponent) and a plus or minus sign with 2 digits to indicate the power of 10 
by which the number must be multiplied to obtain the correct value (i.e., the number of places 
the decimal mark must be moved). Examples: 

3.523 907 E—02 represents 0.035 239 07 
3.386 389 E+03 represents 3 386.389 

These units and symbols are used in both the SI and the U.S. customary systems. 
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To convert from to multiply by 

Acceleration 
free fall, standard (g) 

Area 

square inch (in.2) 
acre 
acre 
acre 

Area/length 
square inch per inch 

(in.2/in.) 
Area/time 

acre per hour (acre/h) 
Energy or work 

foot-pound-force (ft-lbf) 
foot-pound-force (ft-lbf) 
horsepower-hour (hp-h) 

Energy/mass 
horsepower-hour per ton 

(hp-h/ton) 
Energy/volume 

horsepower-hour per gallon 
(hp-h/gal) 

Force 
pound force (lbf) 
pound force (lbf) 

Force/area (not pressure or stress) 
pound force per square inch 

(lbf/in.2) 
Force/length 

pound force per inch (lbf/in.) 
pound force per inch (lbf/in.) 
pound force per foot (lbf/ft) 

Force/mass 
pound force per pound (lbf/lb) 

Force/power 
pound force per 

horsepower (lbf/hp) 
pound force per 

horsepower (lbf/hp) 
Length 

inch (in.) 
inch (in.) 
inch (in.) 
foot (ft) 
mile 

Mass 
pound (lb) 
pound (lb) 
ton 
ton 
ton 

Mass/area 
pound per acre (lb/acre) 
ton per acre (ton/acre) 

metre per second squared (m/s2) 9.806 650 E+00 

square centimetre (cm2) 
hectare (ha) 
kilohectare (kha) 
megahectare (Mha) 

square centimetre per millimetre 
(cm2/mm) 

hectare per hour (ha/h) 

joule (J) 
kilojoule (kJ) 
kilowatt-hour (kW- h) 

kilowatt-hour per megagram 
(kW-h/Mg) 

kilowatt-hour per litre 
(kW-h/L) 

newton (N) 
kilonewton (kN) 

newton per square centimetre 
(N/cm2) 

newton per centimetre (N/cm) 
kilonewton per metre (kN/m) 
kilonewton per metre (kN/m) 

newton per kilogram (N/kg) 

6.451 600 E+00 
4.046 856 E—01 
4.046 856 E—04 
4.046 856 E—07 

2.540 000 E—01 

4.046 856 E—01 

1.355 818 E+00 
1.355 818 E—03 
7.456 999 E-01 

8.219 935 E-01 

1.969 931 E-01 

4.448 222 E+00 
4.448 222 E-03 

6.894 757 E-01 

1.751 269 E+00 
1.751 269 E-01 
1.459 390 E—02 

9.806 650 E+00 

newton per kilowatt (N/k W) 

kilonewton per kilowatt (kN/kW) 

millimetre (mm) 
centimetre (cm) 
metre (m) 
metre (m) 
kilometre (km) 

gram (g) 
kilogram (kg) 
megagram (Mg) 
gigagram (Gg) 
teragram (Tg) 

kilogram per hectare (kg/ha) 
megagram per hectare (Mg/ha) 

Mass/energy (specific fuel consumption) 
pound per horsepower-hour kilogram per kilowatt-hour 

(lb/hp-h) (kg/kW-h) 

5.965 164 E+00 

5.965 164 E-03 

2.540 000 E+01 
2.540 000 E+00 
2.540 000 E—02 
3.048 000 E-01 
1.609 344 E+00 

4.535 924 E+02 
4.535 924 E-01 
9.071 847 E-01 
9.071 847 E—04 
9.071 847 E—07 

1.120 851 E+00 
2.241 702 E+00 

6.082 774 E-01 
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To convert from to multiply by 

Mass/length 
pound per foot (lb/ft) kilogram per metre (kg/m) 1.488 164 E+00 

Mass/mass 
pound per ton (lb/ton) kilogram per megagram (kg/Mg) 5.000 000 E—01 

Mass/time 
pound per minute (lb/min) kilogram per minute (kg/min) 4.535 924 E-01 

ton per hour (ton/h) megagram per hour (Mg/h) 9.071 847 E-01 

Mass/volume 
pound per gallon (lb/gal) gram per litre (g/L) 1.198 264 E+02 

pound per gallon (lb/gal) kilogram per litre (kg/L) 1.198 264 E-01 

pound per cubic foot (lb/ft3) kilogram per cubic metre (kg/m3) 1.601 846 E+01 

Power 
horsepower (hp) kilowatt (kW) 7.456 999 E-01 

Power/length 
horsepower per inch (hp/in.) kilowatt per centimetre (k W/cm) 2.935 826 E-01 

horsepower per foot (hp/ft) kilowatt per metre (kW/m) 2.446 522 E+00 

Pressure or stress 
pound force per square inch (psi) kilopascal (kPa) 6.894 757 E+00 

pound force per square inch (psi) megapascal (MPa) 6.894 757 E-03 

Temperature 
degree Fahrenheit (°F) degree Celsius (°C) tc = (tF -32)/1.8 

Temperature difference 
degree Fahrenheit (°F) degree Celsius (°C) 1/1.8 

Torque or bending moment (including couples) 
pound-force-inch (lbf-in.) newton-metre (N-m) 1.129 848 E-01 

Velocity 
foot per minute (ft/min) metre per second (m/s) 5.080 000 E-03 

foot per minute (ft/min) metre per minute (m/min) 3.048 000 E-01 
mile per hour (mph) kilometre per hour (km/h) 1.609 344 E+00 

Viscosity 
centipoise millipascal-second (mPa*s) 1.000 000 E+00 

Volume 
gallon (gal) litre (L) 3.785 412 E+00 
gallon (gal) cubic metre (m3) 3.785 412 E-03 

Volume/area 
gallon per acre (gal/acre) litre per hectare (L/ha) 9.353 958 E+00 

Volume/time 
gallon per minute (gpm) millilitre per minute (mL/min) 3.785 412 E+03 
gallon per minute (gpm) litre per minute (L/min) 3.785 412 E+00 
gallon per hour (gal/h) litre per hour (L/h) 3.785 412 E+00 
cubic foot per minute (cfm) cubic metre per second (m3/s) 4.719 474 E—04 

REFERENCES 

1. Modern metric SI measurement units and conversion. Engineering Research, International 

Harvester Co., Hinsdale, Ill. Revised, July, 1976. 

2. Standard for metric practice. ASTM Standard E 380-76. American Society for Testing and 

Materials, Philadelphia, Pa. Revised, 1976. 

3. Use of customary and SI (metric) units. ASAE Engineering Practice EP 285.3. Agricul¬ 

tural Engineers Yearbook, 1977, pp. 226-232. ASAE, St. Joseph, Mich. 
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Adhesive forces, soil, 118, 120-121, 145-146 

Agitation of spray materials, 297-300 

Airblast sprayers, atomizing devices, 306-307 

blowers and outlets, 305-306 
air discharge velocities, 306 
capacities, 306 

orchard application rates, 305 
concentrate, 305 
dilute, 305 

principle, 305 
pumps, 306 
row-crop or open-field applications, 305 

Aircraft, types for agricultural applications, 
272, 274 

use, for fertilizing, 272-274 
for seeding, 231 
for spraying and dusting, 307, 309-310 

Aircraft spraying, advantages, 307 

application rates, 307 
atomizing devices, 291, 308-309 
booms, 308 
dr,ft, 307 

versus droplet size, 287 

droplet sizes, 287, 293 
fixed-wing aircraft, 272 
helicopters, 307-309 
operating conditions, 307 
pumps and agitation, 307-308 
venturi suck-back arrangement, 308 

Alignment, in a mower, 321 

Angle of repose (fertilizers), 267-270 

Anhydrous ammonia, 260, 275-276 

Aqua ammonia, 260, 275-276 

Asparagus, harvesting mechanically, 501-502 

spear orienter, 502 

Atomization, centrifugal, 288 

rotary-screen, 288-289, 306-308 

gas, 288 
in airblast sprayers, 288, 293, 306 
in aircraft spraying, 293 
with two-fluid nozzles, 288 

hydraulic, 288 
low-velocity jet breakup, 288, 291-292, 309 
specifying particle sizes and size distribu¬ 

tions, 284-285 

Atomizing devices, determining uniformity of 
distribution, 294-295 

droplet size determination, 294 
factors affecting droplet size, 291-293 

typical droplet size distributions, 284, 293- 
294 

Auger-type metering devices, 264-265, 269 

Automatic draft control, 99-100, 186-188 

draft sensing, 100, 188, 193 
effects, 187-189 

Automatic position control, 98-99, 186-187, 
189 

Axial-flow cylinders. See Threshing cylinders 

Bale accumulators, for conventional balers, 
356-357 

grapple forks for handling bales, 357 

for large-bale balers, 361 

Bale chutes, on balers, 354 

Bale density, controlling, 345-347, 360 

factors affecting, 345 
typical values, 341, 358, 360 

Bale handling, conventional bales, 341, 353- 
357 

large rectangular bales, 360-361 
large round bales, 341, 359 

Bale length, controlling, 348, 360 

Bale loaders, 354 

Bale sizes and masses, conventional balers, 
343 

large-bale balers, 341, 358, 360 

Bale throwers, on balers, 354-355 

bale sizes for, 354 

Bale wagons, automatic, 355-356 

Balers, conventional, 343-353 

basic components, 343 
capacities, 350-351 
compression system, 345-346 
conveying and feeding, 344-345 
overload safety devices, 353 
plunger work diagram, 352-353 
power requirements 351-352 

plunger, 351-352 

sizes, 343 
windrow pickup units, 344-345 

large-rectangular-bale, 360-361 
large-round-bale, 357-360 

applications, 359 
capacities, 360 

twine, plastic (polypropylene), 348, 360 
twine and wire, requirements, 348, 359 

standards, 348 
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Balers (continued) 

twine wrapping system, 358-359 
tying systems, automatic, 348-350, 360 

twine, 348-349, 360 
wire, 348-350 

Bearings, antifriction, 50-51 

capacities, 51 

ball, 49-50 
for disk harrows, 49-50 
for hay-rake reels, 50 
for plow disks, 163 
plain (sliding-contact), 49-50 
seals, 48-49, 51-52 
self-alignment, 48-49 
straight roller, 50-51 
tapered roller, 51 

Bed planting, 209-211 

Belts. See V-belts 

Belt-type metering devices, 265-266 

Bite length, of rotary tillers, 203-205 

Bottom-vented tank, 274 

Boysenberry harvester, 492 

Broadcast seeding, 209, 231 

Broadcasters, centrifugal, 231, 270-272 

distribution patterns, 271-272 
on aircraft, 272-274 
particle-motion equations, 270-271 

drop-type, 231, 265-267 
ram-air spreaders on aircraft, 272-273 

distribution patterns, 273 

Bush and cane fruits, harvesting mechanically, 
491-492 

in-field freezing, 492 

Bypass pressure regulators, 302 

Bypass valve, pilot-operated, 82, 88, 93-94 

Cabbage harvesters, 500-501 

Cantaloupes, harvesting mechanically, 499 

pickup machine, 499 

Cast iron, chilled, 49, 139 

white, 49 

Celery, harvesting mechanically, 502 

Cell fill, determining, 230-231 

factors affecting, 227-228 

Cell-type fertilizer metering devices, 265-266 

Centrifugal tension, 56 

Chain, detachable-link, 61-62 

double-pitch roller, 61, 63 
self-lubricating, 63 
standard-pitch roller, 61-62 

Chain drives, 60-62 

Chisel-type implements, 195 

draft, 506 

effect of depth and speed, 197 

shape of standards, 196 
effect on performance, 196-197 

lift angle, 196 

vertical hitching, 180-181 

Chopped forages, handling, 383-385 

Cleaning shoe, 395-396, 416-417 

cleaning area, 398-399, 417 
composition of material onto, 417 
performance, 420-421 

effects of adjustments, 420-421 
effects of tilting, 421 

separation principles, 418-419 
speeds, 417 
tailings, 395, 419 
triple-sieve, 418-419 

Cohesion in soils, 119 

Colloidal particles, 118 

Color sorter for tomatoes, 493-494 

Combines, applications, 392 

automatic controls, feed-rate, 101, 426-427 
header-height, 101, 426 

basic operations, 394 
capacity ratings, 422-423 
cleaning unit, See Cleaning shoe 
corn harvesting, 433, 438-444 

cylinder adjustments, 439 

kernel damage, 443-444 
losses, 441-443 

corn heads, 433-437 
cylinders, See Threshing cylinders 
field testing, 423-424 
flow paths of materials, 394-396 
functional components, 394-396 

size relations (Table), 399 

headers, grain, 394-395, 399-400 
sizes, 392-393, 399 

hillside, 393-394, 496 
leveling systems, 101, 393-394 

laboratory testing, 424 
monitors, 427 

grain-loss, 427 

peanut, 470 
power requirements, 424-426, 506 , 
pull-type, 392-393 
reels, 399-400 

adjustments, 399-400 
peripheral speeds, 400 
pickup-type, 399-400 

seed losses, 398, 421-423 
effect of feed rate, 422 

self-propelled, 392-394 
separating unit, 395-397, 410-416 

areas, 398-399 
rotary, 396-397, 411-412 
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walker-type, 411 
performance, 412-416, 421-422 
speeds and crank throws, 411 

separation through concave grate, 404-405, 
407-409 

effect of cylinder adjustments, 407-409 

effect of feed rate, 408 

terminology for materials, 397 
threshing principles and devices, 400-403, 

See also Threshing cylinders 

Combining, direct, 392 

after spray curing, 392 

from windrow, 392, 427-428 
Computers, use, 11-12 

Control systems, electric remote, 80 
hydraulic, 80, 91-102 

Conversion factors, customary units to SI 
units, 512-514 

Corn harvesters, components, 433 

gathering units, 433-435 
safety in operation, 444 
snapping units, 435-437 

types, 432-433 

Corn harvesting, moisture contents, 440-443 

maximum for storage, 440-441 

with grain combines, 433, 438-444 
corn heads, 433-437 
kernel damage, 443-444 
losses, 441-443 

Corn losses in the field, 440-443 

effect of harvest date, 441-442 
effect of moisture content, 441-442 
effects of snapping-roll adjustments, 436 

preharvest, 440-441 

Corn pickers (picker-huskers), 432-433 

husking units, 437-438 
adjustments, 438 

Corn picker-shellers, 433 

cleaning, 440 
shelling units, 439-440 

kernel damage, 443 

Corn snappers, 432-433 

Corn-snapping units, 435-437 

adjustments and effects, 435-437 
roll (butt) shelling, 436 
roll speeds, 437 

. spiral-ribbed rolls, 435-437 
straight-fluted rolls and stripper plates, 436- 

437 

Cost determination (examples), 40-42 

Cost factors, 32 

Cost of performing a field operation, 39-40 

Costs, effect of annual use, 42-43 

fixed, 32-35, 39 

operating (variable), 32, 35-39 
tractor power, 40 

Cotton, flame weeding, 247-251 

handling and storing, See Seed cotton 
handling and storing 

narrow-row, 446-447 
strippers for, 453-455 
varietal characteristics for, 456 

storm resistant, 446, 455 

Cotton harvesters, effect on grades, 459 

factors affecting performance, 455-458 

field losses, 459-460 
types and sizes, 446-447 

Cotton harvesting, costs, 460 

defoliation, 458 
gin turn-out, 458-459 

Cotton pickers, applications, 446 

basic components, 447 
conveying systems, 452 
development, 447 
moistening spindles, 452 
principles, 448-449 
spindle arrangements, chain-belt, 450-452 

drum-type, 449, 451 

straight spindles, 450 
speeds, 450-451 
stripper shoes, 450 

tapered spindles, 449-450 
doffers, 449, 452 
effects of speed and spacing on per¬ 

formance, 449-451 
exposure time in row, 451 

speeds, 449 

Cotton seed, delinting, 225-226 

Cotton strippers, applications, 446 

brush-type, 453-455 
cleaners, 454-455 
finger-type, 453-455 
green-boll separators, 455 
principles, 453 
varietal characteristics for, 455-456 

Coulters, for guiding, 192, 241, 250 

rolling (on plows), 139-140 
effect on penetration, 150-151 

Couples, 116-118 

on disk harrows, 174-175 
on disk plows, 161, 164 
on moldboard plows, 151 

Covering devices, 222-223 

Cross-flow fans, on combines, 417 

Cubers. See Hay cubers; Hay cubing 

Cucumber harvesters, 498-499 

Cultivators. See specific types 
Customary units and symbols, 512 
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Cutterbar knives, chrome-plated, 329, 333 

drive speeds, 320, 329, 333, 399 
serrated, 318-319, 323, 329 
smooth, 318, 329 
strokes, 318, 326, 333 

Cutterbars, mower, See Mower cutterbar 

on combines, 399 
on Field choppers, 371 

on mower-conditioners, 329 

Cutterheads, cylinder-type, 372-374 

recutter screens, 373-374 

flywheel-type, 372-373 
on flail-type choppers, 369-370 

peripheral speeds, 374 

Cutting, principles, 315 

Cutting pattern for a mower, 321-323 

Cutting stalks, laboratory energy 
requirements, 327 

Defoliation, cotton, 458 

Delinting cotton seed, 225-226 

Depreciation, due to obsolescence, 32-34 

due to wearing out, 32-34 
methods, 32 

Detachable-link chain, 61-62 

Developing a new machine, 4, 8-11 

Disk angle, definition, 162 

Disk harrows, applications, 160, 167 

bearings, 168 
couples acting, 174-175 
depth control, 167-168, 170 
draft, 169, 506 
forces acting, 171 

horizontal force relations, 172-174 
mounted, 167 
offset, 166-168, 172-174 

offset obtainable, 175 

single-acting, 166 
sizes and masses, 167 
tandem, 166-167, 172, 174 
vertical force relations, 180 
wheel-type, 167-168 

Disk plows, See also Soil forces, on plow disks 

adjustments, 165-166 
applications, 162-163 
horizontal hitching, 183 
masses, 163 

standard, 160, 162-163 
vertical hitching, 178-179 
vertical-disk, 160-163 

Disk-harrow blades, cut-out, 168 

factors affecting penetration, 168 
impact and fatigue resistance, 169 

materials, 169 
sharpening, 168 
sizes and shapes, 160, 168-169 
soil forces, 169-171 

effect of disk angle, 169-171 

wear resistance, 168-169 

Double V-belts, 53-54 

Draft, definition, 116 

measuring, 128-130 
for mounted implements, 129-130 

Draft of tillage implements, 506 

effect of soil-metal friction, 123, 153 
effect of speed, 133, 154, 164, 197 
effect of tool edgeshape, 123 

Drawbar dynamometers, 128-129 

Drawbar power, definition, 116 

equation, 36 

Drift of sprays and dusts, 282-283, 285-287, 
305, 307, 309 

Drill seeding, 209 

Drillability of fertilizers, 263, 267-268 

Droplet size determination, 294 

Drop-shatter test for soils, 125 

Dusters, aircraft, 309-310 

effect on particle size, 285 
ground-rig, 309 

Dusts, application rates, 309 

drift, 283, 287, 309 

electrostatic charging, 287-288, 309 
particle sizes, 287, 309 

Dynamic catch efficiency, 285-286 

Effective field capacity, 25-26 

Effective operating time, 25 

Experiment design, 6-7 

Farm machinery, economic limitations, 3-4 
45 

managing, 45 

Farm machinery development, 7 

improving existing machine, 7-8 
new type of machine, 8-9 
procedures, 8-11 

Farm machinery engineering, biological 
factor, 3 

characteristics, 3-4 
types of problems, 4 

Fertilizer distributors (dry), aircraft, 262, 272- 
274 

centrifugal broadcasters, 262, 270-272 
design parameters, 262-263 

drop-type broadcasters, 262, 265-267, 270 
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factors affecting discharge rates, 266-269 

for band placement, 262 
applicators, 261 

metering devices, 263-266 
on planters, 224, 232-233 
uniformity of distribution, 269-270 

Fertilizer-grain drills, 231-232, 262 

Fertilizers, See also Liquid fertilizers 

angle of repose, 267-269 
application rates, 259 
drillability, 263, 267 
methods of applying, 259-260 

placement, 261 
prilled, 267 
types, 259-260 

Field capacity, effective, definition, 25 

factors affecting, 25-29 

theoretical, definition, 25 

Field choppers (shear-bar-type), See also 
Flail-type field choppers 

air power, 376 
basic components, 371, See also 

Cutterheads; Impeller-blowers 

capacities, 370, 381-382 
cutting energy, 376-378 
distribution of power requirements, 375-376 

feed mechanisms, 372 
capacity, 381-382 

friction energy, 378-379 
gathering units, 371 
kinetic energy from, 379 
length of cut, actual versus theoretical, 374 

adjusting theoretical, 374 
theoretical, definition, 374 

typical values, 375 

throat area, 372, 381-382 
densities of materials through, 382 

total energy requirements, 380-381, 506 

Field cultivators, 195, See also Chisel-type 
implements 

vertical hitching, 180-181 

Field efficiency, definition, 25 

determining, 30-31 
improving, 31-32 
typical values (Table), 31 

Field machine index, 27 

.Field sprayers, basic components, 301-303 

boom height relations, 303-304 
booms and nozzles, 302-303 
control of application rate, 304 
operating conditions, 301 

Fixed costs, total percentage (Table), 39 

Flail mowers, 316-317, 331 

Flail shredders, 315-316 

in potato harvesting, 471, 475 
peripheral speeds, 316 
topping sugar beets, 464 

Flail-type field choppers, 369-370 

cutting lengths, 369-370 
energy requirements, 370, 506 
peripheral speeds, 369 

Flame weeders, air-curtain heat barrier, 250 

burners, fuel rates, 249 
placement, 250-251 
types, 249 

fuels and fuel systems, 249 
water-spray shielding, 251 

Flame weeding, applications, 248-249 

cross, 250-251 
fuel requirements, 249 

parallel, 251 
principles, 248 

Flaming, general applications, 247-248 

Flat planting, 209-210 

Forage blowers, See also Impeller-blowers 

capacities, 385 
efficiencies, 389 
energy requirements, 389 
mechanical features, 384-385 

speeds, 385 

Forage harvesters. See Field choppers 

Forage harvesting, methods, 314 

with field choppers, 368 

Forage wagons, 383 

Force, definition, 115 

Friction, internal, soil, 119-120 

soil-metal, 120-121, 123, 145-147 
effect of soil moisture, 120-121 
reducing, on plows, 146-147 

soil-on-soil, 119-120, 145 
soil-on-Teflon, 121, 146 

Friction coefficients, chopped forage on 

metals, 379 

soil on steel, 121 
soil on Teflon, 121 
stalks in a cutterbat, 323 

Friction slip clutches, 66 

in PTO drives, 76, 353 

Fruit and vegetable harvest mechanization, 
See also Tree-fruit harvesting; other 

specific crops 

economic feasibility, 483-484 
factors affecting, 479-480 
handling products, 482-483 

in bins, 482-483 
minimizing damage, 483 

harvest methods, 480 
harvesting aids, 480, 489-490 
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Fruit and vegetable harvest mechanization 
(continued) 

mass-harvest system, definition, 480 
selective harvesting, 481,488, 491, 499-502 

Fuel conversion factors, 37 

Fuel requirements, estimating, 36-39 

Functional requirements, determining, 8-9 

Furrow openers, 220-222 

Furrow planting, 209-210 

Gathering units, corn-harvester, 433-435 
field-chopper, 371 

Gear drives, 60 

Gin turnout, 458-459 

typical values, 459 

Grain drills, 231-232 

draft, 506 

Grapes, harvesting mechanically, 490-491 

Graphic symbols, hydraulic, 86, 91, 510-511 

Grass/legume silage, direct-cut, 368 

low-moisture, 368-369 
cutting lengths, 375 
gum buildup, 369, 385 

moisture contents, 368 
wilted, 368 

Green peas, harvesting mechanically, 496-497 

Guide wheels, cone, 210-211, 246-247 

Hard facing, 122 

Hay balers. See Balers 

Hay conditioners, effects on curing times, 330 
331 

field losses, 331 

on mower-conditioners, 329 
on self-propelled windrowers, 333 
peripheral speeds, 328 

separate (not combination), 328-329 
types, 328 

Hay conditioning, reasons for, 327 

Hay crimpers, 328 

Hay crushers, 328 

roll pressures, 330 

Hay cubers, 361-363 

chopping for, 361, 363 

compression devices, types, 362 
extrusion-die, 362-363 

cube sizes produced, 363 
field, 362-363 

capacities, 363 

rubber-roll type, 362 
stationary, 361 

Hay cubes, density, 341, 363-364 

factors affecting quality, 364-365 
handling, 364-365 

maximum storage moisture, 363 
sizes, 363 

Hay cubing, advantages, 341, 365 

costs, versus baling, 365 

energy requirements, 363-364, 506 
maximum moisture for, 341, 363 

Hay density, baled, 341, 358, 360 

cubed, 341, 363-364 
long loose, 341 

Hay handling, long loose, 342 

Hay harvest methods, 314 

Hay losses, effects of harvest method, 314-315 

Hay moisture content, for baling, 313 

for cubing, 341, 363 
for raking, 314, 331 
for safe storage, 313, 363 

Hay rakes. See Rakes 

Haylage, 368 

High-pressure orchard sprayers, 300-302, 304- 
305 

Hill dropping, 209, 211, 229-230 

valves and transfer devices, 229-230 
with full-hill plates, 229-230 

Hillside combines, grain, 393-394 

green-pea, 496 

Hitches for mounted implements, design 
considerations, 184 

free-link operation, 185-186 
horizontal effects, 190-192, 241-242 
parallel-link, 192-193, 240-241 

restrained-link operation, 186-187 
three-point, 184-185 

ASAE-SAE standards, 184 

quick-attaching couplers, 185 
Hitching of pull-type implements, 178-183 

horizontal, 172-174, 181-183 
vertical, 178-180 

Horizontal center of resistance, 118, 181-183 
disk harrow, 172-174 

moldboard plow, 148-149, 182 

Horizontal hitching relations, mounted 
implements, 190-192 

pull-type implements, 181-183 

Human factors, 17-21 

Hydraulic control systems, automatic draft 
99-100, 187-188, 193 

automatic position, 98-100, 186-187, 189 
nudging-type, 97-98 

stops on cylinders, 98 

on implements, automatic, 100-101 
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parallel-cylinder, in constant-flow system, 

92-95 
in constant-pressure system, 97 

series-cylinder, 95-97 
determining required pressure, 96 
with single control valve, 96-97 

series-parallel valve arrangements, 94-95 
single-cylinder, 92 

Hydraulic cylinders, double-acting, 89-98, 

101-102 

on pull-type implements, 98, 101-102 
designing lift linkages, 102-104 

pilot-operated check valves, 87, 94, 97 

ram-type, 89 
single-acting, 89, 91-92 
stops on, 98 
time to extend or retract, 90, 102 
tractor remote, ASAE-SAE standards, 101 - 

102 
work capacity, 90 

Hydraulic motors, controlling speed in open- 
loop circuit, 107 

efficiencies, definitions, 90 
typical values, 85 

gear and gear-rotor, 84-85 
piston, axial, 85, 104-107 
remote, tractor, 109 

standards, ASAE, 109 

vane, 84-85 

Hydraulic power, 90, 300 

Hydraulic pumps, efficiency definitions, 90 

gear, 83-84 
piston, axial, 84, 104-105 

radial, 83-84 
variable-displacement, 84, 104-105 

pressures, 84 
vane, 84 

Hydraulic systems, basic components, 81 

constant-flow, 82 
constant-pressure, 82-83 

accumulator-type, 82 

efficiencies, 81 
graphic symbols, 86, 91, 510-511 
multifunction, 107-109 

pressures, 83 
variable-flow, variable-pressure, 82-83, 104 

107 
'Hydraulic valves, check, 87 

pilot-operated, 87, 97 

directional, open-center, 82, 92-93, 107 
spool-type, 87, 94-95 

pressure reducing, 86, 88 
pressure relief, 86-87 
pressure sequence, 88 

in delayed-lift systems, 243 

priority flow divider, 86, 88-89 
proportional flow divider, 86, 89 

unloading bypass, 86-88 
pilot-operated, 88, 93-94 

Hydrostatic propulsion drives, 81, 104-107 

Impact-type cutters. See Flail mowers; Flail 
shredders; Flail-type field choppers; 

Rotary cutters 

Impeller-blowers, elevating efficiency, 387, 

389 

elevating theory, 387-388 
energy-requirement components, 388 
flow paths of material, 385-386 
speeds, on field choppers, 374 

on forage blowers, 385 

Implements, optimum size, 43-45 

types, 23 

Interest on investment, 35 

Irish potato harvesting, diggers, 470-471 

digger-windrowers, 471 
direct mechanical, 470 
indirect mechanical, 471 
mechanical harvesters, 470-474 

blades for digging, 472 
hand sorters needed, 470 
separating potatoes from stones and 

clods, 473-474 
soil separation, 472 
vine removal, 472-473 

minimizing damage, 472, 474 

Jointers, 140 

Jump clutches, 65-66 

Lettuce, harvesting mechanically, 499-500 

sensing maturity, 500 

Lift angle, on chisel-type tools, 196 

Liquid fertilizers, applying in irrigation water, 

260 

equipment and methods for applying, 260, 

274-276 
high-pressure (anhydrous ammonia), 260 

vapor pressure, 260 

injecting into the soil, 260, 275 
low-pressure and nonpressure, 260 

aqua ammonia, 260 

metering arrangements, 274-276 
metering pumps, 275-276 

Lister planting, 114-115, 209 

Load transfer in tractors, vertical, 188-190, 

193 
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Lost time. See Time losses 
LP gas, in flame weeders, 249-250 

vapor pressures, 249 

Machine life, 33-35 

values (Table), 34 

Machine ownership, justification, 45 

Machine reliability, effect on field efficiency, 
29-30 

success, 29 

time-use, for series combinations, 30 

Managing farm machinery, 45 

Man-machine relations, 17-19 

Mechanization, future needs, 2-3 

objectives and effects, 1-2 

Minimum-tillage systems, 114-115, 209-210 
objectives, 114 

Mixing characteristics of tillage implements, 
206-207, 277 

Moisture, maximum for safe storage, baled 
hay, 313 

corn, 440-441 
hay cubes, 363 • 
long loose hay, 313 

Moldboard plow bottoms, couples acting, 151 

description, 138-139 
down suction, 138-139 
effect of speed on forces, 149, 154 
effect of speed on performance, 154-157 
expressing shapes, 142-143, 155-156 
graphical analysis in design, 154-155 
horizontal forces, 147-149 
oscillating (vibrating), 199 
predicting draft, 155 
scouring, 145-147 

with Teflon sheets, 146 

shapes for high speeds, 155-157 
side suction, 138-139 
types, 141-142 
vertical forces, 149-150 

Moldboard plows, attachments, 139-140 

beam overload protection, 140-141 
mounted or semimounted, 136-137 

trailing characteristics, 190-192 
vertical force relations, 185-189 

pull-type, 136 

horizontal hitching, 182-183 
vertical hitching, 178-179 

sizes, 136-138 
specific draft, 151, 506 

factors affecting, 151-155 

Moldboards, belt-type, 147, 201 

materials, 139 

pulverizing action, 143-144 
reactions of various soils, 143 
roller-type, 147, 201 
shapes, 141-142, 155-157 
turning and inversion, 144-145 
with powered rotors, 201 

Mounted implements, See also Hitches for 
mounted implements 

advantages, 23-24 
definition, 23 

Mower cutterbar, alignment, 321 

conventional, 317-319 
cutting pattern, 321-323 
knife clips, adjustment, 320 
knife register, 321 
knife strokes, 318 
lengths, 321 
safety devices, 320-321 
stalk deflection, 323-324 
stalk friction, 323 
vertical load carried on shoes, 318 

Mower knife drives, pitman-type, 318-320 

pitman thrust loads, 326-327 

shoe-mounted, 319-320, 325-326 
speeds, 320 

wobble-joint, 319-320 

Mower-conditioners, 329-330, See also Hay 
conditioners 

Mowers, conventional cutterbar, 317-319 

double-knife, 317, 324-326 
dynamically balanced, 325-326 
flail-type, 316-317 

effect on curing time, 331 
field losses, 316-317 
peripheral speeds, 316 

power requirements, 317, 326-327, 506 
pull-type, 321 

reciprocating unbalance, 324-325 
single rotating counterweight, 325 
tractor-mounted, 321 
vibration control, 325-326 

Mulch tillage, 115 

Multipowered tillage tools, 113-114, 195 

National Tillage Machinery Laboratory, 127 

Nozzle carrying distance, factors affecting 
304 

Nozzle distribution profiles (field sprayers) 
303-304 

effect on overlap required, 303-304 

Nozzles, See also Atomization; Atomizing 
devices 

droplet sizes, factors affecting, 291-293 
thickened sprays, 292 
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fan-spray, 289-290, 292, 303, 308 
flooding, 289-290, 294, 303 
flow rates, factors affecting, 290 
hollow-cone, 289-290, 293, 303, 306, 308 
jet (solid-stream), 289, 292, 308 
sizes available, 290 
solid-cone, 289-290, 303-304 
spray angles, 290 

effect of pressure, 290 

types (hydraulic), 289-290 

Onion harvesting, 476-477 

Optimum size of implement, 43-45 

Oscillatory tillage. See Vibratory tillage 

Overload safety devices, 63-66, 320, 353 

Parasitic soil forces, 116-117 

Peanut combines, 470 

Peanut digging, shaking, and windrowing, 
469-470 

Peanut harvest methods, 468-469 

Pellets, feed, 361 

seed, 225-226 

Penetrometers, soil, 121-122 

Performance efficiency, definition, 24 

Pesticides, granular, 276-279 

application rates, 277 
incorporation, 277 
lateral distribution, 279 
metering, 277-279 

liquids and dusts, applying, See Sprayers 
and dusters 

problems in use, 282 
soil-application methods, 276-277 

Photography, high-speed, 14 
applications, 14, 401, 495 

limitations, 14 

Pickup reels, 330, 332, 399-400 

peripheral speeds, 330, 400 

Plant emergence, factors affecting, 212-213 

seed tablets to improve, 213 

Plant population and spacing requirements, 

211 

Plant thinners, random chemical or flame, 253 

random mechanical, 252-255 
cross blocking, 252 
determining setup, 254-255 
down-the-row, 253-254 

selective, 253-257 
applications, 256-257 

chemical, 257 
mechanical, 255-256 
sensors, 255 

Plant thinning, methods, 252 

reasons for, 252 

Planter arrangements, row-crop, 223-224 

Planter testing, 230-231 

cell fill, 227-228, 230-231 
seed regularity, 230 

expressing, 230 

Planters, See also Seed-metering devices 

covering devices, 222-223 
fertilizer attachments, 224, 232-233 
furrow openers, 220-222 

depth control, 221-222, 224 

mechanical functions, 212 
potato, 232-233 
presswheels, 222 
unit, row-crop, 223 

Planting, precision, See Precision planting 

row-crop, definition, 209 
seed distribution patterns, 209 
solid, definition, 209 

Planting systems, row-crop, 209-210 

Potato harvesting. See Irish potato harvesting; 
Sweet potato harvesting 

Potato planters, 232-233 

Power, definition, 116 

drawbar, definition, 116 
hydraulic, equation, 90, 300 

shaft, 90 

Power and energy requirements, 506 

Power-take-off drives, applications, 70 

loads imposed, 75-76 
recommended load limits, 76-77 
shielding, 72 
speeds, standard, 71 
standardization, 71-72 
telescoping force, axial, 77 
three-joint, 73-75 
two-joint, 72-73 

Precision planting, cell fill, 227-228 

controlling seed transfer to furrow, 228-229 

definition, 209, 226 
functional requirements, 226-227 

objectives, 226 

Presswheels for planters, 222-223 

Product liability, 20-21 

Product safety, 19-20 

common problems, 19-20 

standards, 20 

Production model, 10-11 

Production prototype model, 10 

Public testing agencies, 14-15 

Pull, center of, on tractors, 181 

central angled, 181-182 
definition, 115 
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Pull (continued) 
measuring, 128-129 
offset angled, 181-182 
offset straight, 181-182 

Pull-type implements, definition, 23 

designing lift linkages, 102-104 
horizontal hitching, 181-183 
vertical hitching, 178-180 

Pumps. See Hydraulic pumps; Liquid 
fertilizers; Sprayer pumps 

Raddle conveyor, 396, 410 

Rakes, factors affecting leaf shatter, 338 

finger-wheel, 333-334, 337 
oblique reel-head, 333-337 
performance parameters, 338-339 

Raking, desirable moisture content, 314, 331 

Raking action, average hay velocity, 338 

finger-wheel rakes, 337 
length of hay path, 338 

oblique reel-head rakes, 334-337 

Ram-air venturi spreaders, 272-273, 309-310 

Rasp-bar cylinders. See Threshing cylinders 

Reciprocating unbalance (mower), 324-325 

Register, mower cutterbar, 321 

Repairs and maintenance, 35-36 

effect of age, 36 

factors for estimating (Table), 34 

Research, 4-5 

cooperative, 5 
definition, 5 

Research procedure, 5-6 

designing an experiment, 6-7 

Ring-type force transducer, 128-129 

Roll balers. See balers, large-round-bale 

Roller chain, 61-63 

Rolling resistance, 37 

coefficients (graph), 509 

Rotary cultivators, powered, 246-247 

Rotary cutters, impact-type, 315-316 

peripheral speeds, 316 

Rotary hoes, 237, 244 

draft, 506 

Rotary tillers, conventional (transverse-axis), 
113-114, 200-207 

applications, 202 

bite length, definition, 203 

effects on performance, 204-205 

blade types, 202-203 

energy requirements, 204-206, 506 
mixing characteristics, 206-207 
operating principle, 203 

pulverization effects, 203-204 
soil forces, 203 

with passive tools below rotor, 206 

vertical-axis, 200-201 

Rotating-bottom metering devices, 264 

Row-crop cultivation, reasons, 238 

Row-crop cultivators, attachment to tractors, 
240-241 

continuous-tool-bar, 240-241 
delayed-lift systems, 88, 243 
depth control, 240-241 
draft, 506 
front-mounted, 240-242 
lift arrangements, 242-243 
powered rotary, 246-247 
rear-mounted, 239-242 

guide coulters, 192, 241 

separated-gang, 239-240 
setting up, 245 
shields, 243, 246-247 
spring trips on standards, 245-246 
tools and attachments, 243-244 

adjustments, 245 

tractors for, 239 

Safety, 19-20 

in corn-harvester operation, 444 
in handling large round bales, 359 

Safety devices, on balers, 353 

on mowers, 320-321 
overload, 63-66, 320, 353 

Scouring, 123, 145-147 

Sealed bearings, 48-49 

Seals,, bearing, 48-49, 51-52 

Seed cotton handling and storing, 460-461 

module system, 461 
ricking system, 461 
trailer system, 460 

Seed damage in harvesting, 398, 403, 405-407, 
443 

Seed harvesting methods, 392 

Seed losses from combines, 398, 421-423 

effect of feed rate, 422 

Seed packer wheels, 223 

Seed spacing, adjusting, 218-219 

determining regularity, 230-231 

Seed tablets, 213 

Seed tape, 218-219 

Seedling thrust forces, 213 

Seed-metering devices, belt-type, 215-216 

bulk-flow, 219-220 
cutoff devices on, 214 
finger-pickup, 216-217 
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fluted-wheel, 219 
horizontal-plate, 214, 227-228 
inclined-plate, 214-215 
internal-double-run, 219-220 

knockout devices on, 214 
pneumatic, 216-218 
stationary-opening, 220 

vacuum pickup, 218 
vertical-rotor, 215-216 

Seeds for planting, coating, 225-226 

grading, 224 
processing, 224-226 

Seed-tape planting systems, 218-219 

Self-propelled machines, advantages, 24 

definition, 23 

Semimounted implements, advantages, 23-24 

definition, 23 

Semimounted moldboard plows, 136-137, 192 

vertical force relations, 188-189 

Serrated knives, 318-319, 323, 329 

Service life of belts, factors affecting, 56-57 

predicting, 56-58 

Shaft power, 90 

Shares, effects of shape on suction and draft, 
149-150, 152-153 

gunnel-type, 138-139 

materials, 139 
throw-away, 138-139, 150, 152 

Shear in soils, 119 

Shear-type safety devices, 64-65 

Shredders, 315-316 

SI units and symbols, 512 

Sickle. See Cutterbar knives; Mower cutterbar 

Side draft, definition, 116 

Sieves (on combines), 395-396, 416-419 

adjustable-lip, 416 

Snap-bean harvesters, 495-496 

Soft-center steel, 139 

Soil, dynamic properties, 118-122 

Soil abrasiveness, 122 

Soil amendments, applying, 260-261 

Soil breakup, factors affecting energy 
requirements, 130-132 

using narrow cuts, 132 

Soil cutting, 119 

.Soil forces, measuring, 126-128 

field test units, 126-127 

in soil bins, 127 
methods of expressing total reaction, 117 
on disk-harrow blades, 169-171 
on moldboard plows, 147-151 
on plow disks, 164-166 

methods of expressing, 160-161 

parasitic, definition, 117 
symbols, 117-118 
useful, definition, 116-117 

Soil plasticity, 118-119 

Spading machines, rotary, 114, 201 

Specific draft, definition, 116 

disk plows, 506 

factors affecting, 131-132 
moldboard plows, 151, 506 

factors affecting, 151-155 
Speed, forward, typical values, 508 

Spike-tooth cylinders. See Threshing cylinders 

Spinach harvesters, 502 

Spray curing of seed crops, 392 

Spray materials, agitation, 297-300 

hydraulic, 299-301, 308 
mechanical, 297-299, 301 

Spray nozzles. See Nozzles 

Sprayer pumps, air compressor in place of, 

297 

bypass valves, 302 
capacities, 302, 304, 306 
centrifugal, 296-297, 301-302, 306-307 

diaphragm, 297 
effect of abrasive materials, 295-297 
gear, 295-296, 301-302 
piston, 295, 302, 306 
roller, 295-296, 301-302 

Sprayers. See Airblast sprayers; Aircraft 
spraying; Field sprayers; High- 
pressure orchard sprayers 

Sprayers and dusters, types, 282-283 

uses, 283 
Spraying, pressures, 283, 301-302, 306, 308 

ultra-low-volume (ULV), 283 

Sprays and dusts, application rates, 283, 301, 

305, 307, 309 

drift, 282-283, 285-287, 305, 307, 309 

effect of particle size, 285-287 

effects of equipment, 287 
dynamic catch on foliage, 285-286 
electrostatic charging, 287-288 
particle size in relation to effectiveness, 285 

Spring trips, on cultivator standards, 245-246 

on moldboard plow beams, 140-141 

Squeeze pump, 275 

Stalk cutters and shredders, 315-317 

Standardization, 12-13 

Star-wheel feed, 263-264, 267-269 

Strain gages, applications, 13-14, 127-131,375 

in transducers, 14, 127-130 
on structural members, 13 

Strain-sensitive lacquers, 13 
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Straw walkers. See Combines, separating unit 

Strawberries, capper, 492 

harvesting mechanically, 492 

Stubble-mulch tillage, 115 

equipment, 115 

Subsoilers, 195-197 

draft, 506 

effect of shape, 196-197 

Sugar beet harvesters, basic functions, 464 

elevating and cleaning, 466-467 
finders (height gages), 466 
lifter wheels, 466-467 
lifting by tops, 467-468 
spiked-wheel, 468 
top disposal, 464, 468 
variable-cut topper, 465-466 

Sugar beet topping, after lifting, 468 

in-place, 466 

thickness removed, 465-466, 468 
with flail shredders, 464 
with rotating disks, 466, 468 

Suspension velocities, 418, 439 

Sweet corn, harvesting mechanically, 497-498 

Sweet potato harvesting, 474-475 

equipment, 475 

problems in mechanizing, 474-475 
size graders, 475 

Tailings, 395, 419 

Taxes, insurance, and shelter,-35 

Tension ratio (belt), 55 

Test tracks, 17 

Tests, accelerated durability, 16-17 

by public testing agencies, 14-15 
experimental stress analysis, 16 
field, 15 

functional, 13, 15-16, See also specific 
implements 

laboratory, 15-16 
types and planning, 13 

Theoretical field capacity, 25 

Thinners. See Plant thinners 

Threshing cylinders, action, 400 

angle-bar (rubber-faced), 402 
axial-flow rasp-bar, 396-397, 402 
clearance and speed, adjusting, 409 

typical values (Table), 410 
cross-flow rasp-bar, 401 

closed-grate concave, 396 
open-grate concave, 394, 401 
performance, 404-409 

performance, factors affecting, 404-408 
parameters, 403-404 

power requirements, 424-426 

sizes, 401-402 
spike-tooth, 401-402 

performance, 405 

Threshing effectiveness, 405-406 

Tillage, mechanics, 118-119 

methods, 113-115 
objectives, 112-113 

Tillage force analysis, forces, 116-117 

symbols, 117-118 

Tillage implement, definition, 112 

forces acting, 116-117, See also Soil forces 
measuring pull or draft, 128-129 

Tillage tools, definition, 112 

design factors, 122-123 
shape characteristics, 122-123 

energy utilization efficiency, 124-125, OI¬ 
OS 

performance, evaluating, 124-125 
parameters, 124-125 

scale-model studies, 03-04 
simple-shaped, 04, 197-198 

Tilt angle, disk, definition, 162 

Time losses, causes, 26 

determining, 30-31 
proportional to area, 28 
related to machine reliability, 29-30 

machine combinations, 30 

turning and idle travel, 26-27 

Timeliness, 2, 44-45 

factors, 44 

Tomatoes, harvesting mechanically, 493-494 

electronic color sorter, 493-494 

Torque, definition, 116 

Tractive-and-transmission coefficient, 37-38 
Tractor power costs, 40 

Trailed implements. See Pull-type implements 
Transplanters, 233-234 

Travel speeds, typical values, 508 

Tree shakers, 485-487, 489 

airblast, 489 

effectiveness, 487-489 
inertia-type, clamps, 487 

principles, 485-486 

strokes and frequencies, 486, 488 

Tree-fruit harvesting, fruit damage, 488-489 

minimizing, 487-488 

ground pickup units, 489 
harvesting aids, 489-490 

mechanization status, 488-489 
shake-catch, 487-488 

catching units, 487-488 

shakers, 485-487, 489 

Two-way moldboard plows, 137-138 



INDEX 527 

Universal joints, angular velocity relations, 

67-68 

in PTO drives, 72-75 
joint-angle limitations, 69-70 
lead or lag, 66-68 
multijoint combinations, 68-69 

requirements for uniform output velocity, 

68 
shafts for, 70 

U.S. customary units, 512 

Useful soil forces, 116-117 

Variable-speed drives, hydraulic, 104-107 

V-belt, 58-60 

V-belt clutches, 52 

V-belt drives, applications, 52 

as overload safety devices, 66, 320 
belt slippage, maximum, 55 
calculating speed ratios, 54 
capacities and service life, 54-58 
effective pull, 54-56 
mechanics of, 54-55 
service factor, 55 
standards, ASAE, 53-54 
stresses in, 56-57 
tension ratio, maximum, 55 
tensions, determining, 54-56 
variable-speed, 58-60 

belts, 53, 59 
sheaves, 53, 59 
speed-range ratios, maximum, 59-60 

V-belt sheaves, 53 

V-belts, adjustable-speed, 53, 59 

banded multiple, 52 
centrifugal tension in, 56 
conventional (single), 52-54 
cross-sectional dimensions, 53 

double, 53-54 
standards, ASAE, 53-54 

V-flat drives, 52, 55 

Vegetable harvesting. See Fruit and vegetable 
harvest mechanization; specific 

crops 

Vertical force relations, mounted implements, 

185-187 

pull-type implements, 178-180 
semimounted implements, 190-191 

tractor, 189-190 

Vertical load transfer in tractors, 188-190, 193 

Vertical-axis rotary tillers, 200-201 

Vertical-disk plows, 160, 163 

Vibratory tillage, 197-200 

effects, 198-199 
objectives, 198 
operating parameters, 198 
principles, 199-200 

Volume median diameter, 284-285 

Wafering hay. See Hay cubing 

Wagons, automatic bale, 355-356 

hay-cube, 364-365 
self-unloading forage, 383 
telescoping tongue, 383 

Weed-control methods, 237-238 

Windrow pickup units, 344-345, 358, 360, 363, 

371, 428 

Windrowers, self-propelled, 332-333 

conditioning attachments, 333 
curing times, 331 
effects on yield and quality, 333 

Windrowing seed crops, 392, 427-428 

Wobble-joint drive, 319-320 
Work, definition, 116 
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