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Dedication

For my parents. . .

Philosophy

‘To the writer however, the most important reason for the study of soil - vehicle mechanicsis an educational one.
The training of agricultural engineers at University level is a relatively new enterprise which aims at producing
creative engineersin a shorter overall period than the old method of practical experience alone. In order to achieve
this the University must concentrate on the teaching of principles and the scientific method applied to each
particular field. The young engineer must then add to this some years of experience of the application of these
principles and must support them with adeguate background knowledge.

If the scientific approach is the aim of academic agricultural engineering, then it is plain that the principles of
soil vehicle mechanics (and soil implement mechanics) must form an important part of the teaching.
Unfortunately in this, asin other branches of agricultural engineering, the principles are obscure and can only be
taught after considerable research on the part of the teacher. The research effort .. . isnot aimed at the direct
improvement of the farm tractor but rather at the elucidation of principles which can be taught to students who
will use them in the development of better machines.’

A.R. Reece

Prayer

| offer you tonight, Lord, the work of all the tractors. . . in the world.

Prayers of Life: Michel Quoist



PREFACE

This book arose out of the experience that the author has had in teaching courses on tractor performance for a number

of years particularly at the University of Melbourne. It has been written primarily for student use in agricultural and

mechanical engineering courses at University and College level and as such, it assumes:

(@  aknowledge of basic mechanics, stress analysis, soil mechanics and power transmission elements appropriate
to second year professional engineering courses,

(b)  agenera knowledge of the layout and operation of the tractor.

The need for such a book arose out of the fact that, while there are other books written on the general topic of the
agricultural tractor, none treat the subject of tractor performance in an adequate way that builds on the engineering
science which is covered in first and second year engineering courses. Existing books tend to be too broad, being
written to cover the whole subject from the design of engine components to the economics of use. Others, that are
written essentially for users, merely describe the tractor and it’s operation. Nor is there a book written that provides
an suitable background for general engineers wishing to 'break into' the technical or research literature.

In writing this book an attempt has been made to keep the discussion as general as possible. It is concerned with
principles and does not become involved in consideration of the details of individual types of tractor even to the point
of not distinguishing between two wheel (walking) and four wheel tractors (except in relation to chassis mechanics).

Further no attempt has been made to describe the construction of the tractor or it's various components and
operational systems. For those who wish to learn these details, reference should be made to the engineering textbooks
specifically written on these topics and other books on the agricultural tractor that includes them.

The understanding of the concepts on which a book such as this is based owes much to many others who have
published material on this subject; the author gratefully acknowledges the material that others have contributed in
this way. However, two people and their associated groups must be mentioned in particular.

The first isthe late G.H. Vasey and his colleagues at the University of Melbourne. Their development of the
graphical representation of tractor performance (on which Chapter 3 is based) still provides the clearest understanding
of the subject for students and others who would learn from it.

The second is A.R. Reece and his colleagues at the University of Newcastle-on-Tyne, England. Chapter 4 which is
largely based on their work (and earlier work by Bekker) provides an understanding of the traction processin terms of
engineering fundamentals that are suitable for use at the student level. Indeed the educational philosophy as presented
by Reece (1964) on the dedication page seems entirely appropriate for this work.

The demise of agricultural engineering courses in developed countries and the need for cheap, basic educational
materials in developing countries prompted the compilation of this work. Its publication on the University of
Melbourne web site makes it available to awide range of readers at little cost; it is hoped that, like the author, they
will appreciate this facility!

The author also wishes to acknowledge the support of his colleagues, in particular the secretarial assistance of Ms. J.
Wise, the comment on the text by Dr. Nguyen Phu Thien and the assistance in arranging for its publication on the
University of Melbourne web site by Dr. Graham Moore. The support of the Universities of Melbourne, Australia
and Hohenheim, Germany in providing the opportunity for study leave, during which much of the final compilation
of the work took place, is also acknowledged.

The encouragement and help of his wife Joan in the checking the manuscript and in many other ways is cause for
gratitude.

The author would value notification of any errorsin this work.

RHM University of Melbourne, October 2002
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CHAPTER 1

THE AGRICULTURAL TRACTOR
1.1 INTRODUCTION

1.1.1 General

The agricultural tractor is one of the class of mobile machines that involves the *traction’ process. The word
'traction’ and name 'tractor' come from the word to 'draw’' or 'pull’ so atractor is basically a machine for pulling;
other mobile machines such as locomotives are in the same class. Vehicles like road trucks and even motor cars,
which are essentially vehiclesfor carrying loads, also involve the traction process.

Thetractor is also in the class of machines that involves operation under what are known as 'off-road' conditions.
Others in this class include machines used in earth moving, mining and military work, also four-wheel drive
motor vehicles for cross - country operation.

1.1.2 Justification

The question is often asked as to what is so special about the tractor and its operation that would justify its study
as amachinein its own right. This may be answered by considering the conditions under which the tractor is
expected operate.

0 The agricultural soils, on which the tractor operates, are 'weak', ie, they dlip (shear) when loaded
horizontally and compact (compress) when loaded vertically. This condition, which the tractor and its
attached implement are frequently being used to produce, is usually ideal from an agricultural point of view
but is not conducive to efficient operation from atractive point of view.

(ii)  Theloading conditions on the tractor are variable from job to job and, for efficient operation, ideally
reguire the tractor to be set up to suit each condition.

(iii)  The operating conditions for the tractor are highly variable both in time and place, which requires continual
monitoring and adjustment of both tractor and implement in operation.

(iv)  Theground surfaces are rough and sloping, hence both tractor and implement control is difficult;
instability is an ever-present danger. Thisisimportant because the tractor must be able to be operated by
non-specialists.

(v) A clearance above growing crops and the ability for the operator to see the ground.

The tractor must function effectively and efficiently while satisfying these often conflicting requirements. The
study of the tractive processes on soft soils and the dynamics of implement control, are unique to the agricultural
tractor and justify specialized analysis, research and design. The present work builds on elementary aspects of the
published literature on these studies and seeks to provide a basis for 'breaking into' the technical and research
literature.

1.1.3 Development

The tractor evolved in the second half of the 19th century and first half of the 20th into its present, conventional,
two wheel drive form and four wheel drive variation. This form owes much to history but also the fact that it is
an inherently logical arrangement.

(1) Designersfollowed early tractor designs that were simply replacements for horses or other draught animals.

(i)  Thelayout takes advantage of the transfer of weight to the main driving wheels at the rear, as the drawbar
pull on the tractor increases.

(iii)  Thelayout isinherently stable in the horizontal plane because the implement commonly being pulled
behind the tractor tends to follow the latter and to pull it into straight line operation.

(iv)  Rear mounted implements offer aminimum of offset loading and moment in the horizontal plane;this
contrasts with, for example side mounted implements.

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan
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As aresult there has been little or no major change in the basic lay-out of tractor / implement systems over their
period of development athough there have been major improvements in engines, transmissions, tyres, control
systems and drivers accommodation.

1.1.4 Classification of types

Tractors may be classified according to their basic form, which in turn depends on the function that each typeis
designed to achieve. They may be classified as follows.

0] Number of axles * one - walking
* two - conventional, riding

(ii)  Number of driven axles * one - conventional and walking
* two - four wheel drive

(iii)  Ground drive elements' * wheels and tyres, lugs, strakes
* tracks - crawler, track laying

(iv) Useof wheels * traction - conventional
* propulsion / cultivation - power tiller

[llustrations and descriptions of the various forms of tractor and the associated terminology may be found in other
textbooks (Liljedahl et al (1989)).

1.2 FUNCTIONAL REQUIREMENTSAND LIMITATIONS

1.2.1 Functional requirements

Although it is able to undertake a multitude of specific tasks, the functions of the tractor can be reduced to the
following (Reece 1971):

0 the provision of up to full power in the form of alarge drawbar pull (compared to the weight of the tractor)
at low speeds. The highly variable loading that occurs in agricultural work requires consideration of tractor
performance at part load, particularly with respect to fuel consumption.

(ii)  theprovision of power for driving and control of arange of implements and machines performing various
tasks and attached in a variety of ways.

(iii)  the provision of power as the basis for atransport system in both on- and off-road conditions.

The main emphasis in this book is on how the tractor performs these functions, ie, on its functional performance.
There are of course other ways by which tractors might be evaluated such as by their economy, reliability, safety
or ease of operation. These are important but are beyond the scope of this book.

1.2.2 Performance limitations

Sinceits main function isto pull (or push), the question arises as to how well and within what limits the tractor
succeeds in performing those functions. How we might measure and represent that performance is also of interest.
This output is expressed, as in engineering mechanics, in terms of force (engine torque and drawbar pull), speed
(rotational and travel), power (engine and drawbar) and non-dimensional numbers (wheel dlip, tractive efficiency).
The input is performance is expressed in terms of fuel consumption (actual and per unit power output).

1 Hereafter the term ‘wheels will be used to cover all elements unless a specific reference is intended.

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan
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The overall limitations to performance are also explored in this book as follows:

@) At higher travel speeds the limit is engine stall (stopping); optimum engine loading and fuel consumption
are achieved by appropriate choice of engine speed and gear ratio.

(i) At lower travel speedsin which the limit is wheel slip; the optimum wheel slip is achieved by an
appropriate choice of the magnitude of the drawbar load also the weight on and size of the tyres,
particularly on the driving wheels.

(iii)  On steep slopes and / or when an incorrect hitch is used; this instability (in the longitudinal plane) is
overcome by limiting operation to appropriate slopes and using correct hitching.

Other limitations (not directly associated with performance) such as the actual occurrence of longitudinal and
lateral instability, and the loss of steering control due, for example, to vibration, are also beyond the scope of
this book.

1.3 SYSTEMSAND POWER OUTLETS

Tractors are built in many forms and sizes according to the particular functions that they are required to perform.
However, in reviewing their performance it is sufficient to consider the major systems and power outlets that are
common to most tractors. The block diagram of the main components in the power transmission system,
including the power outlets and forms, is shown in Figure 1.1 (a) for a conventional tractor with PTO and
hydraulic power outlets and in Figure 1.1(b) for awalking tractor / power tiller.

The following systems can be identified.
1.3.1 Engine

The engine, which is the immediate source of energy for the operation of the tractor, variesin type and size
according to the type and size of the tractor to which it isfitted. It is a mechanism which, using air, extracts the
energy from the fuel and transforms it into a mechanical (rotational) form.

Its output (in terms of torque, speed and power) is determined by the physical size of the engine (which determines
the amount of air that can be drawn in), the fuel burnt in that air and its speed of operation. Its performance,
which is represented in terms of the fundamental characteristic for the engine, ie, the relationship between the
torque and (rotational) speed, largely determines and of course limits the performance of the tractor. These are
discussed in Chapter 3.

Many other aspects of engine design and operation affect its performance. These include the engine processes (the
cycle of strokes on which it operates), the type of fuel and its method of ignition (spark or compression ignition)
and the mechanical details such as the design of the components (pistons, crankshaft, valves) and the services such
as the lubrication and cooling systems. These details are covered in books on engine design and operation and will
not be considered further here.

Engines as used in agricultural tractors may be classified as follows:

(i)  operationa cycle  * two strokes per revolution
* four strokes per revolution

(i)  fuel ignition * gpark - gasoline, petrol, natural gas
* compression - diesel

(i)  arinduction * unlimited- diesel
* throttled - spark ignition
* pressurized - super-charged

(iv)  speed control * governed - automatic
* ungoverned - manual

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan
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1.3.2 Power transmission systems and outlets

The transmission systems on the tractor serve to transmit power from the engine to the power outlets, viz:
(i) traction system (wheels/ drawbar / three point linkage)

(i)  power take off

(iii)  hydraulic (oil) supply

The transmission elements which comprise these systems, may be classified according to their principle of
operation:

0 mechanical * gears
* belts/ chains

(ii)  hydrostatic * fluid pressure

(iii)  hydro-kinetic * fluid momentum - fluid coupling
- torque converter

The three transmission systems that transmit power to the three main outlets are discussed below.

(a) Traction transmission

(i) Conventional tractors

The components generally referred to as the “transmission” and / or the “gear box” transmit the rotation of the
engine to the rear wheels as shown in Figure 1.1 and 1.2. In the conventional tractor thisis usually a mechanical
system with shafts, gears etc. Only this type will be considered in this book; discussion of the hydro-static
system may be found in Goodwin (1979) and of the hydro-kinetic system in Vasey (1957-58).

Because the engine rotates at high speed (afew 1000's of rpm) and the tractor wheels must operate at low speed (a
few 10"s of rpm), the traction transmission has the function of reducing the speed of rotation of the engine to that
required for the rear wheels. Further, because not all operations require the tractor to travel at the same speed, the
transmission also has the function of enabling the speed reduction from engine to wheels to be varied by the
operator. Thus the travel speed may changed in from 6 to 12 steps, ie, from about 1 km/hr in a low” gear with a
'large’ reduction ratio (q in Chapter 2) to about 20 km/hr in a'high' gear with a 'small’ reduction ratio. The
variableratio is achieved by 'changing gears (that are in mesh) so that the drive (motion) passes through gears of
different sizes (Figure 1.2). This has the effect of altering the overall ratio of the transmission and causing the
wheelsto run faster or slower.

The (traction) clutch, (Figure 1.2), which is usually of the friction type, is placed between the engine and the
transmission. It enables the driver to temporarily disconnect the engine from the rest of the transmission and to
make a gradua connection when power transmission is required and the tractor begins to move. Such
transmission clutches usually consist of one or more friction surfaces connected to the engine, which are pressed
by springs on either side of a disc connected to the remainder of the transmission. Removal of the pressure on the
surfaces (disengaging the clutch with the pedal) allows the engine to continue to turn without turning the
transmission and the wheels.

That part of the transmission known as the 'differential’ has the function of dividing the drive to the wheels and
allowing them to turn at different speeds as the tractor turns a corner. Both wheels still drive because the input
torques to them remain equal, but they turn at different speeds, corresponding to the respective radii of the curves
on which they are travelling. Many tractors have a device to lock the differential. This forces both of the rear
wheels to turn at the same speed and so allows the tractor to be driven out of a situation where the differential, in
normal operation, allows one wheel to slip and the other to not rotate at all. With the lock engaged the wheel
speeds are now equal but the torques are different; hence it is not possible (or difficult) to turn a corner.

A further common component in the transmission is the 'final drive' which consists of speed reduction gears after
the differential. These are placed in this position near the wheels to avoid the low speed / high torque in the
previous parts of the transmission.

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan
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(i) Walking tractor

In the two-wheel or walking tractor (Figure 1.3) , the transmission usually consists of avariable speed V belt
drive from the engine, which also acts as a clutch asit istightened or loosened. A small gear-box may then be
fitted, which in turn drives the wheels through chains.

Such tractors are not usually fitted with a power take-off but while stationary may be used to drive equipment
such asapump. The belt drive to the wheelsis removed and is used to drive the attached equipment directly.

Power losses in the mechanical transmission systems of tractors are usually small, probably |ess than 10%.

(b) Power take-off transmission

An (‘engine speed’) power take-off (PTO) which is frequently fitted to conventiona tractors consists of a
transmission from the engine to shaft which passes to the outside of the tractor, usually at the rear, and may be
engaged to drive attached machines (Figure 1.2). The power passes from the engine through a friction clutch
which is frequently operated with the same pedal as the transmission clutch. This, and an engaging mechanism,
allows the drive to the power take-off to be stopped and started as required, independently from the drive to the
wheels. Hence the driven machine may continue to operate and process the crop even though the tractor and
machine are not moving forward. Thisis avery convenient arrangement and a great advantage over older tractors
with a single clutch and especially over ground driven machines.

PTO speed is determined by engine speed, (with afixed ratio 3 or 4:1) irrespective of travel speed (traction
transmission ratio). Power lossesin the PTO drive are very small, usually less than 5%.

A "ground-speed" PTO may also be fitted (Fig. 1.1). Here the drive to the PTO shaft is connected to the drive to
the wheels after the traction transmission and hence the PTO speed changes as the traction transmission ratio is
changed. The ground speed PTO rotates slowly (afew revolutions per unit distance traveled) and may be used as a
replacement for a ground drive on machines such as seed drills where a fixed relationship between the movement

of the tractor and the function of the machine isimportant.

The two engaging mechanisms for the PTO drive are such that only one of these can be engaged at onetime.

(c) Hydraulic (oil) supply

Here oil under pressure from a hydraulic pump, continuously driven by the engine, is available to operate linear
actuators (cylinders, rams) usually for the purpose of controlling (raising and lowering) implements, or driving
rotating actuators (motors). One such ram, in-built into the tractor, is used to raise the three-point linkage.

Power losses in the hydraulic system may be moderate but are accepted because this outlet is aflexible and very
convenient way of controlling machines and operating auxiliaries on the tractor and on attached machines.

The details of the design and operation of the components in the three tractor transmission systems are covered in
books on mechanical analysis and machine design. They will not be considered further in this book.

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan
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Surface Tread form
(@ | Hard surfaces such asroads Large area, shallow tread with 'high' pressure
(b) | Normal agricultural work, dry soil Heavy, intermediate depth tread
(c) | Soft, wet agricultural soils Deep tread
(d) | Lawns, low sinkageisrequired Wide, low pressure
(€ | Dry soil, heavy loads asin Tracks, ason a"crawler" tractor
earthmoving
(f) | Saturated, puddled soils Metal cage, with angled lugs, alone or as
extensions to normal tyres

Figure 1.4 Ground drive elements

(a) to (d) reproduced with permission of Goodyear Tyre Company
(e) reproduced with permission of Caterpillar of Australia, Ltd
(f) reproduced with permission of International Rice Research Ingtitute

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan




19

1.3.3 Wheels

The tractor wheels and associated tyres have the function of supporting the tractor and of converting rotary motion
of the engineto linear motion of the tractor as awhole.

The wheels must be chosen to:

0] support the weight of the tractor (together with any transferred weight from attached implements) while
limiting the sinkage into the soil surface and the resultant rolling resistance.

(i)  engage with the soil (or surface) and transmit the traction, braking and steering forces (reactions) while
limiting relative movement and the resultant slip / skid / side dlip.

(iif)  provide ground following ability together with some springing and shock absorption.

The important variablesin relation to the tyresinclude:

(i)  size(diameter and width) which determines their tractive capacity and rolling resistance.

(if)  strength, expressed in terms of ply rating, which in turn determines the pressure that can be used and hence
the weight that the tyre can carry; thisin turn also determines the tractive capacity and the rolling

resistance.

(iii)  tread pattern which, together with the surface characteristics, determines the engagement and / or contact
with the surface.

The losses in power at the wheel / surface interface are often great, particularly on soft surfaces (ie, their efficiency
islow), hence the power available at the tractor drawbar may be much less than the power of the engine. Hence
the choice of the tyres and the weight on them is crucial in determining the overall performance of the tractor.

Various types of wheelsand / or tyres may be used on the tractor, depending mainly on the surface on which it is
working. For the following conditions, the tyres or wheels indicated are recommended as shown in Figure 1.4.

1.4 STUDYING TRACTOR PERFORMANCE

1.4.1 Need for study

Before beginning the study, it may be useful to consider those who have an interest in the subject and why they
need to study it.

(i)  Thedesigner wishes to predict whether the tractor being designed will achieve the design objectives He/
she will do this by means of traditional design procedures for mechanical elements such as the power train,
experience gained from measurement of the performance of other tractors and the application of the
performance prediction techniques explored in this book.

(i)  Those who are advisers to the users including extension advisers and sales persons also need to understand
tractor performance. Their interest is not in design but in how to choose (in economic as well as physical
terms) atractor from arange available to achieve arequired work rate (or match other machines) and how to
set it up and operate it in the most efficient manner.

(iii)  Usersneed to understand the basic aspects of tractor performance so that they can interact with their advisers
and work their tractorsin an efficient manner.

(iv) Thosewho are responsible for providing services such as training, administration, safety and other
associated aspects to the above groups also need to understand tractor performance and so provide valid and
useful advice.

Given their different roles, their need for training material varies widely. This book will not satisfy all groups but
may help to provide an understanding of tractor performance and so assist each group in the preparation of
associated material needed to fulfil their roles.
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1.4.2 Approaches to the study

(8) Theoretical / idesl

The tractor, which is a machine that is comprised of various simple mechanical elements, can be analysed in
terms of their theory. Thisis presented in Chapter 2 and provides a basic understanding of the operation of the
tractor under ideal conditions. However operation of the tractor in the field indicates that this simple analysisis
inadequate to determine the limits of its performance as the drawbar load on it is increased, or to predict its
performance when operating on soft soils.

(b) Practical / experimental

Historically the study of tractor performance has been in practical, experimental terms. In this approach the tractor
is operated under described conditions and its performance measured and reported. A similar performance could be
expected from another tractor, of the same model when operated under similar conditions, or from a different make
of tractor if appropriate allowances were made for any differences, eg, the weight of the tractor or the engine
power.

Examination of the results of performance measurements made for tractors operating on soil shows that the
condition of the surface is the most significant factor determining their performance. We cannot compare different
tractors tested under such conditions because the effects of the inevitable differencesin soil condition on the
performance are confounded with, and cannot be separated from, the actual differences between the tractors.

Hence, as in other practical measurement approaches, we begin with the performance measured under ided
conditions. Thisinvolves testing the engine on a dynamometer and / or the tractor on a hard surface such as a
concrete or bitumen road, ie, on a so called 'test track'. Under these conditions we obtain the maximum or best
performance that is possible.

Then, if all tractors are tested on the same or similar surface, the surface effect is (at least partly) eliminated. The
conclusion from a comparison of such teststhen isthat tractors ranked in order of some performance parameter
(eg, maximum drawbar power or best fuel economy) as obtained on the test track will be the same rank order asif
they were tested in actual operating conditions, ie, on afield soil. Thisis the same logic as used when we
measure the strength of various steels in a testing machine and hence rank the strength of beams made from
them.

The reports of formal tractor testing schemes (Nebraska, OECD, etc) and many other research papers are examples
of the practical / experimental approach.

Tractor performance as measured in this way is described in Chapter 3 and is satisfactory as far as it goes.
However it does not provide a fundamental understanding of the traction process, nor does it provide a basis for
the prediction of performance which isthe basis of engineering design.

(c) Theoretical / predictive

In this approach we set up atheoretical model (based, like all theoretical work, on some empirical or experimental
data) of the way in which the wheels interact with the soil:

0] in the vertical direction as it supports the vehicle.

(ii)  inthe horizontal direction asit generates the reaction to provide the drawbar pull.

The early work by Bekker (1956) and later work by Reece (1965-66 and 1967) and many others uses the standard
properties of the soil (cohesion and angle of internal friction) and an empirical deformation parameter to
characterize its strength and deformation properties respectively. These are used to model the generation of
shearing stresses within the contact area which are then integrated to give the total reaction of the soil and hence
the drawbar pull and power. Thisis presented in Chapter 4, Sections 4.3 to 4.6.

This approach provides a good understanding of the traction processes and of the effect of the dimensional
characteristics of the wheel and the strength properties of the soil. However its application for field useis limited
because it involves the complex and time consuming, in-situ measurement of the three soil properties.
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(d) Empirical / predictive

This approach is predictive but is based entirely on empirical relationships that have been established between a
single soil parameter (together with the dimensions of the wheel) and the tractor performance (Wismer and Luth
(1974) . The easily measured parameter (cone index), represented by the force to push a cone into the soil divided
by the cross sectional area of the cone, isacomplex but ill-defined measure of soil strength and compressibility.

Thisisarapid and versatile method of predicting the field performance of tractors. However again it does not
provide a basic understanding of the traction process but it does allow a rapid representation of the overall
performance as shown in Chapter 5.

1.5 PREVIEW

The theory and explanation which follows in the later Chapters applies to the conventional rear-wheel drive tractor
irrespective of what form other features, such as the engine, transmission or steering, may take. With appropriate
modifications, as noted in the text, it may also apply to other forms such as the crawler and walking tractors.

In general it does not apply to the four-wheel drive type because with such a system, the driveisdivided in an
unknown proportion between the front and rear axlesin away that depends on the stiffness of the respective drive
trains to the wheels. It also depends on the strength and stiffness of the soil in the soil / wheel contact patch
which in turn depends on the respective weights on these wheels.
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APPENDIX |

LIST OF SYMBOLS

Symbol Definition Defining section
a distance from drawbar to implement wheels parallel to ground surface 6.4.3
a constant in normal stress distribution characteristic 4.7
b distance from drawbar to soil force on implement parallel to ground surface 6.4.3
b distance from drawbar to trailer wheels 6.4.4
b width of plate, tyre 432
c cohesion of soil 442
d depth of cultivation 75
d tyre diameter 531
d constant in implement draught - speed characteristic 7.2.3
h tyre section height 531
h ratio drawbar height / centre of gravity height 6.5
[ wheeldlip 231
i wheeldlip at maximum tractive power 4.6.2
] deformation of soil parallel to soil surface 442
k shear deformation modulus of soil 442
k rate constant 532
ke Kkt sinkage moduli of soil 432
4 length of plate, distance traveled by wheel 432
l length wheel / track contact with ground 432
m distance travelled by wheel 333
n number of revolutions of wheel 415
n sinkage exponent of soil 432
p plate, wheel pressure on soil 432
q transmission ratio 221
r wheel radius 6.3.1
t time period 323
w width of implement 7.5
X distance along track 444
X distance between the two axles, parallel to the ground surface (wheel base) 6.3.1
X' distance from rear axle to hitch point (or point of application of implement)

load) paralld to ground surface 6.4.1
X" distance between the two axles parallel to the ground surface (tractor raised) 6.3.1
Xf distance from front axle to centre of gravity of tractor 6.3.1
Xy distance from rear axle to centre of gravity of tractor 6.3.1
Xh distance from axle to the handle (walking tractor) parallel to the ground surface 6.4.4
X'y horizontal distance from rear axle to weight (tractor raised) 6.3.1
y distance from rear axle to hitch point (or point of application of implement load),

perpendicular to the ground surface 6.4.1
y' distance from ground contact point to hitch point (or point of application of

implement load), perpendicular to the ground surface 6.4.1
y" height of front axle (tractor raised) 6.3.1
Yg distance from rear axle to centre of gravity for tractor perpendicular to

ground surface 6.3.1
Vi distance from axle to centre of gravity for trailer perpendicular to ground surface 6.4.4
z deformation (sinkage) of soil perpendicular to the soil surface 432
z distance from ground surface to point of application of soil force perpendicular

to the ground surface 6.4.3
z dlope distance from rear axle to weight (tractor raised) 6.3.1
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A area of whedl, track contact with ground 443
A constant 52
B constant 52
C caorific value of fuel 241
Cl cone index 531
D wheel diameter / draught 221
D implement draught 722
F lift force on implement drawbar perpendicular to the ground surface 6.4.4
FC fuel consumption rate 323
H tractive force/ soil reaction parallel to the ground surface 222
M mobility number 531
M moment on wheel / chassis 6.4.1
N rotational speed 221
N number of revolutions 415
P drawbar pull, weight of attached implement 221
Q power 223
Q tractive power 4.6.2
R rolling resistance 232
R weight on trailer wheels 6.4.4
S shear stress 442
S soil force 6.4.3
SFC specific fuel consumption 321
T torque 222
T force on implement at tractor drawbar, perpendicular to the ground surface 6.4.3
U force on handles, perpendicular to slope 6.4.4
\% travel speed 221
\% dynamic weight on wheels 6.4.1
\% slip velocity of wheel relative to surface 233
\A dynamic weight on implement wheels 6.4.4
W weight of tractor 6.3.1
W static weight on wheels 6.3.1
w weight of trailed implement, trailer 6.4.1
Wi weight on front wheels (tractor raised) 6.3.1
X slip function 4.4.4
a angle of dope of ground surface 6.4.1
b angle 6.3.1
d tyre deflection 531
f angle of internal friction 442
h efficiency 241
q angle of draught / drawbar pull / implement |oad to ground surface 6.4.1
r coefficient of rolling resistance 433
S normal stress
y tractive coefficient =— drawbgr _puII 333
weight on driving wheels

. . . _tractiveforce
y gross tractive coefficient = weight on wheel 443
Subscripts
d drawbar / down
e engine
f front wheel
g centre of gravity
h handles
n transmission
o] theoretical, ideal, zero load, overal, zero speed
r rear wheel
S static, slip
t trailer, traction
u up
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APPENDIX II

DIMENSIONAL DATA FOR FARMLAND TRACTOR
Values for
Farmland L ocal
FEATURE Symbol tractor tractor
kg / kN kg / kN
Weights
Total weight w 2850/ 27.9
Weight on rear wheels (on horizontal ground) Wy 2030/ 19.9
Weight on front wheels (on horizontal ground) W 820/8.0
Dimensions metre metre
Wheel base (front to rear axle) X 1.88
Rear axleto C of G (parallel to ground) Xr 0.54
Front axleto C of G (parallel to ground) Xf 1.34
Rear axleto C of G (perpendicular to ground) Yg 0.13
Ground contact to drawbar (parallel to ground) X' 0.60
Ground contact to drawbar (perpendicular to ground) y' 0.45
Rear axle to drawbar (perpendicular to ground) y 0.185
Rear whedl rolling radius (on 14.9 x 28 tyres) r 0.635
Overall transmission ratio o} Ratio
Gear 1 221.1
Gear 2 170.0
Gear 3 139.5
Geard 108.9
Gear 5 85.6
Gear 6 67.4
Gear 7 47.3
Gear 8 371
Gear 9 22,0
Gear 10 17.3
Rev 1 72.3
Rev 2 56.9

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan




| ndex

Air charge
Air induction, engine

Angle of internal friction, soil

Braked whedl

Centre of gravity
Chassis mechanics
Cohesion, soil

Cone index

Differentia
Draught, implement
Drawbar performance
Drawbar power envelope
Drawbar power:
Calculated
Measured
Predicted
Drawbar pull
Calculated
Measured
Predicted
Drawbar pull envelope
Driven wheel

Efficiency
Engine
Overall
Tractive
Transmission
Engine
Power
Speed
Torque
Efficiency
Engine operationa cycle
Engine performance
Measured
Predicted

Engine performance modeling

Engine power envelope
Engine speed control

Farmland tractor details
Fuel consumption
Engine
Drawbar
Full fuel range
Fully mounted hitch
Functional performance

Gear box

Governed range
Governor

Gross tractive coefficient
Ground drive e ements

3.3
14,33
4.14

43

6.5
6.1
4.14
54

16

71,75

3.11,5.12

3.13

2.3,3.13

2.3

311
4.24,4.28,5.8,5.16
2.3,3.11,4.22

2.3

311
4.22,5.8,5.12,5.16
3.10, 4.24, 5.12,

4.3

29

29

2.8

2.8

14
2.3,33,35,7.11
3.3,35

23,33

29

14

3.3
51
51
3.10, 3.12
14

Appendix Il

3.7

3.13

34

6.3, 6.23
12

16
34
3.3
4.16
12



Hitch systems

Hitch systems — comparison
Trailed
Semi-mounted
Fully-mounted

Ided performance
Implement

Draught

Unit/ specific draught

Hitching

Power

Characteristic
Instability - longitudinal

Matching tractor and implement
Mobility number

Normal stress

Optimum tractor-implement performance
Overadl efficiency

Performance
Empirical / predictive
Practical / experimental
Theoretical / ided
Theoretica / predictive

Performance envelope

Plate sinkage test

Power distribution

Power loss
Power outlets

Power take-off

Power train

Rigid wheel

Rolling radius

Rolling resistance
Theoretica
M easurement
Empirical

Rolling resistance coefficient

Self propelled whed!
Semi-mounted hitch
Soft wheel
Soil
Cohesion
Friction, angle of internal
Soil shear
Deformation modulus
Soil sinkage
Exponent
Modulus
Soil, cone index
Specific fuel consumption
Engine
Drawbar

6.3

6.26

6.1, 6.26
6.1, 6.26
6.1, 6.26

24

71,75
7.2

6.1

7.3

7.3

6.8, 6.36

7.1,7.10, 7.12
54

4.14

7.5,7.10
29

112, 4.6
111,31
111,21
111,46
25,311, 3.13,7.14, 5.12,5.16
4.8

514
2.7,5.14
14
1.8,6.31
13

412

41
4.1,6.15
4.8

4.14

56
4.12,5.6

43,4.6
6.3,6.21
4.12

4.14
4.14
414
4.14

4.6
4.6
54

3.7
3.13,5.16



Three point linkage
Torque ‘back up’
Towed wheel
Towing force
Tractive coefficient
Tractive efficiency

Measured

Predicted
Tractiveforce

Idedl

Predicted
Tractive performance

Theoretical

Modeling

Tractor —implement matching

Tractor operation

Tractor performance, justification

Tractor testing
Trailed hitch
Trailer, PTO driven
Transmission

Ratio
Transmission efficiency
Travel speed
Two-wheel (walking) tractor
Tyres

Walking (two whedl) tractor
Weight transfer
Trailed
Semi-mounted
Fully-mounted
Whesel, operational state
Braked
Driven
Self propelled
Towed
Whed, performance
Power
Speed
Torque
Whesd, type
Tractor
Soft
Rigid
Wheeldlip
Optimum
Function
M easurement

6.3, 6.23

35

4.3

4.3

2.10, 3.14, 4.16, 5.6
28,314,711
2.8

5.10, 5.16
23,46

2.3

4.14

4.6,

4.14

52

7.1

7.14

1.10

31

6.1, 6.33

6.31

16

21

2.8
21,277,311, 41
1.8,6.28

1.10

1.8,6.28

6.8, 6.11, 6.15, 6.26
6.21

6.21

6.23

4.3

4.3

4.3

43

43

27
21
23
21
1.10
412
412
2.7,3.14,41,4.4,4.20
4.26
4.22
4.4
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CHAPTER 2

TRACTOR MECHANICS
2.1 INTRODUCTION

The tractor is a machine and the application of the general principles of mechanicsto it provides a simple but
fundamental understanding of its operation and ideal performance. The actual performance will be less than this,
and may be much less, mainly because of the losses which occur at the wheel / ground contact surface.

In asimilar way to other engineering disciplines, we can define the elements or components of the tractor in
terms of general mechanics without needing to know their detailed form. Thus the engine (power source) can be
represented in terms of its torque and speed without having to specify its type (thermodynamic or electrical), its
operating principle (internal or external combustion), its operating cycle (two or four stroke) or its fuel source
(diesel or petrol (gasoline)). Similarly the transmission system can be expressed in terms of the transmission
ratio without specifying its form or operating principle (mechanical (gears, chains, belts), hydrostatic (fluid
pressure) etc).

We can thus separate the application of the principles of mechanics to the tractor from the particular forms of the
mechanisms that appear in the particular tractor that we see in the laboratory or field.

2.2 IDEAL ANALYSIS (without losses)

Consider atractor operating on a firm surface as shown in Figure 2.1. Although the tractor is moving, the
equations of equilibrium can be applied to it because it is assumed that there is no acceleration.

Consider the enginerunning at a rotational speed Ng driving the drive wheels without losses through a
transmission with an overall ratio of g. As a consequence of the reduction in speed by afactor of 1/q, thereisa
corresponding increase in torque by afactor of g. These values correspond to the “velocity ratioc” and the
“mechanical advantage” from elementary physics.

2.2.1 Speed analysis

For the tractor as shown in Figure 2.1(a):

Drive wheel diameter = D

Engine speed =Ng
Engine speed Ng
Overall transmission ratio 9 = Srvewhed peed N
w
N
Drive wheel rotational speed Ny = Ee

If we assume that there are no losses in motion due to slip between the wheel and the surface:

Travel speed, V Linear speed of wheels

p DNw

PD Ne
= — 21
] (2.1)

Thisanalysis shows that the travel speed depends directly on the engine speed and inversely on the gear ratio.
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Figure 2.1 Mechanics of the tractor under ideal conditions
(a) Speed andlysis; (b) Torque/ force analysis
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2.2.2 Torque/ force analysis
For the tractor as shown in Figure 2.1(b):
Engine torque =Te

Drive wheel torque, T, =qTe

Equilibrium requires that this torque is equal and opposite to the moment of the soil reaction, H on the wheel:

HZ =T, =4T,
29T
H = €
D

If we assume that there are no other horizontal external forces acting (such asrolling resistance), equilibrium also
requires that:

Drawbar pull, P = Soail reaction, H

po2dle 2.2)
5 .

This analysis shows that the drawbar pull depends directly on the torque generated by the engine and on the gear
ratio. This assumes that the wheel / ground contact can generate the reaction to P.

2.2.3 Power analysis

Enginepower, Q= 2p ToNg (2.3)

Drawbar power, Qq = Drawbar pull . travel speed

P.V (2.4)

[0}

2qTe P DNe
D ' q

2pTeNe

Engine power

Thus, if we neglect losses in forward motion due to wheelslip and in drawbar pull due to rolling resistance, all
of the power from the engine is available at the drawbar.

The above represents the ideal situation which might apply approximately to the tractor working on hard surfaces
with small drawbar pulls and small wheeldlips.

However, in many agricultural situations, wheelslip is significant, hence the travel speed of the tractor will be
less, and may be much less, than the ideal value calculated above. Also, much of the torque on the rear wheels
goes to drive the tractor forward against the rolling resistance of both the driving and the rolling wheels. Hence
the drawbar pull will be less, and may be much less, than the ideal value calculated above.

The actual tractive performance of the tractor in various gears on two types of surface, viz., a hard surface (firm,
dry soil or road) and a soft surface (cultivated soil), is considered in Chapters 3 and 4, respectively.
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Engine Ideal tractor drawbar performancein gears
Speed|Torqud Drawbar Pull, kN Travel speed, km/hr
rpm Nm | Gear 3] Gear5| Gear 7| Gear 3| Gear 5| Gear 7
Gear ratio-> 1395 [ 85.6 47.3 139.5 | 85.6 47.3
2390 0 0.00 0.00 0.00 4.07] 6.63 11.99
2370 | 40 8.86 543 3.00 4.03] 6.57 11.89
2350 | 80 17.71] 10.87 6.01 4.00] 6.52 11.79
2325 | 120 26.57| 16.30 9.01 3.96| 6.45 11.67
2250 | 142 3151 19.33] 10.68 3.83| 624 11.29
1730 | 161 35.65| 21.88] 12.09 294 4.80 8.68
1300 | 173 3831 2351 12.99 221 361 6.52
1000 | 171 37.86] 23.23] 12.84 170 277 5.02
12 P RESESY
Gear 7 E\
10 \\
E qx Maximum power envelope
T
c 8 |
= Gear 5 \
= T 0 - —|o-f- o
o 6
5 NN
= ]
5 4T A A “‘<P' A= - 3
- Gear 3 o) ) &\
2 2
o
0 5 10 15 20 25 30 35 40
Drawbar pull, kN

Maximum power
performance envelope
Drawbar Travel
Pull Speed
kN km/hr
6.0 20.10
7.0 17.23
8.0 15.08
10.0 12.06
12.0 10.05
14.0 8.61
(a) 16.0 7.54
18.0 6.70
20.0 6.03
25.0 4.82
30.0 4.02
35.0 3.45
40.0 3.02 (b)

(c)

Figure 2.2: Datafor (a) ideal performance of Farmland tractor in 3 gears at maximum governor setting;

(b) maximum power envelope; (c) plot of these data
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Problem 2.1

For alocal tractor (of any type):

(a) Measure the transmission ratios in each gear by (securely) raising the drive wheels and either:
(i) turning the engine by hand and counting revolutions of engine and wheels
(i) running the engine and measuring the speed of engineand drive wheels with atachometer

(b) Check your answers by:
(i) taking appropriate measurements of the transmission elements - counting gear teeth, measuring pulley
or sprocket diameters etc
(i) driving the tractor on a hard surface and measuring the travel speed, and rolling radius
(iii) inspection of the owner's manual or parts book, if available.

2.2.4 ldeal performance graphs

Figure 2.2 shows the torque (Nm) - engine speed (rpm) data from an actual test on the engine from the
hypothetical 'Farmland' tractor 1. It also shows the ideal performance (travel speed (km/hr) versus drawbar pull
(kN)) graphs for the Farmland tractor in 3 gears based on the Equations 2.1 and 2.2 and data from Table 1,
Appendix I.

The shape of these graphs will be discussed more fully in Chapter 3.

Problem 2.2

Plot similar graphs for the other gears of the Farmland tractor.

2.2.5 Performance envelopes

The graphs shown in Figure 2.2 and others to be plotted in Problem 2.2 give the characteristic graphs for the
tractor with discrete gears. Such gears result in “steps” in the curves defining areas in which the tractor can work
and other areas between the steps in which the engine could work but which are unavailable because gears with
appropriate ratios are not fitted to the tractor.

If the tractor were fitted with a stepless or infinitely variable transmission, the ratio could be varied to keep the
engine operating at maximum power. This would give the (ideal) performance “envelope” or boundary within
which the tractor must work. Thisis also shown in Figure 2.2 (c) for the constant maximum power of the
engine (33.6kW); it is plotted for arbitrarily chosen values of the drawbar pull and calculated travel speeds
shown in Figure 2.2(b).

2.2.6 Conclusion

The simple analysis given above suggests that the actual performance of the tractor will reflect the performance

of the engine:
(0] travel speed is determined by engine speed
(i) drawbar pull determines engine torque

(iii) both travel speed and torque also depend on transmission ratio.

Further, the travel speed - drawbar pull performance is limited by the maximum engine power envel ope which
appears as an hyperbola on the travel speed / drawbar pull graph space.

As shown later in Chapter 3, the actual travel speed - drawbar pull graphs and the corresponding envel ope will be
different because lossesin travel speed due to wheeldip, in drawbar pull due to rolling resistance and in power due
to both.

1 Test data have been extracted from Australian Tractor Test Report No 78 (Brown and Baillie, 1973). Other
numerical datafor this tractor, which are used in this book, have been extracted and are presented in Appendix I1.
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Figure 2.3 Mechanics of the tractor with losses
(a) Speed analysis; (b) Torque/ force analysis
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2.3 ANALYSISWITH LOSSES

Consider atractor again operating on a firm surface as shown in Figure 2.3. Although the tractor is again
moving, the equations of equilibrium can be applied to it because it is assumed that there is no acceleration.

2.3.1 Speed analysis
The tractor is now moving with aspeed V (less than theideal travel speed, V, above), Figure 2.3(3).

We can then define wheeldlip as:

- Vo V
Wheeldlip, i = v (2.5)
o}
Where, V, = theoretical travel speed (asin Equation 2.1 above)
\% = actual travel speed
Substituting for V from Equation 2.1
v :voaq):3%$5u4) (2.6)

2.3.2 Force analysis

A rolling resistance force (R) which is assumed to act horizontally on the wheel at the wheel / ground contact
patch, opposes motion of the tractor, Figure 2.3(b).

For equilibrium of the external horizontal forces acting on the tractor:
H=P+R 27
2.3.3 Power analysis

Considering power transmission at the wheels.

Output power Input power - Power 10ss

ie, Drawbar power Wheel power - Power loss

Whed power - Drawbar power

Hence, Power loss

=  2pT,N, - PV

= 2pH - PV

DV,
> HV, - PV

p D

=  HV,-(H-RV

H(Vg-V) + RV

HVy i + RV = HVg+ RV (2.9)

Here Vgistheslip velocity, ie, the velocity of the wheel relative to the surface at the surface / wheel contact.

We can identify the termsin this equation as:
Total power loss = Power lossdueto slip + Power loss due to rolling resistance

Minimizing the total power loss thus is matter of minimizing the sum of the loss due to slip and that due to
rolling resistance. Thisis a complex problem when it is realized, for example, that the effect of weight on the
driving wheelsis to decrease the slip loss and increase rolling resistance loss. This will be discussed further in
Chapter 4.
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2.4 OTHER MEASURES OF PERFORMANCE

2.4.1 Efficiency

(a) Tractiveefficiency

We define tractive efficiency,

h _ Output power _ Drawbar power
t Input power - Wheel power
_ LA - (H-R) ..
- HY, - o (oD (29)
R .
= (1-7) @-0)
P .
= m (1-1) (2.10)

The tractive efficiency that appears here contains two terms:

0] P which represents a‘force’ efficiency; thus when thereis no rolling resistance (R = 0) this factor
(P+R)
in the tractive efficiency = 1.

(i)  (2-i) which represents a‘speed’ efficiency; again when there is no wheeldip (i = 0), thisfactor in the
tractive efficiency = 1.

It might be thought that the tractive efficiency, which is one of the most important measures of tractor
performance, could be determined on the basis of Equation 2.10. However, the major difficulty with this approach
isthat, in practice, it is not possible to determine a relationship between rolling resistance and slip or, in general,
to determine rolling resistance when awheel is undergoing a dlip.

Hence, it is necessary to determine the tractive efficiency by measuring drawbar and wheel power directly by
measuring:

0] drawbar pull, P, with atension load (force) cell between the tractor and aload vehicle or implement

(ii)  travel speed, V, by timing over a known distance

(iii)  wheel torque, T,,, , with atorque load cell in the transmission to the driving wheels

(iv)  wheel speed, N, , by counting wheel revolutions over aknown time period

Then tractive efficiency, h . = ﬁ (2.11)
(b) Transmission efficiency
We can define transmission efficiency:
= Power to wheels ~ _ 2p Ty Ny 2.12)
Power from engine 2p TeNe

The maximum transmission efficiency is dependent on the design and the quality of the transmission elements. In
ageared transmission thereislittle or no lossin velocity, Ny, =Ng/q.

Hence any losses are due to aloss in torque; thus TW <qg. Te

For good quality gears the maximum efficiency is about 98% per pair of gears; hence with, say, 3 pairs of gears
in the change transmission and another 2 pairsin the differential / final drive, the maximum efficiency will be
(0.98)"5 = 90%. Little improvement in efficiency can be obtained by more accurate or elaborate gearing; other
types of transmission will be no more efficient.
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(c) Engine €fficiency
We can define engine efficiency:

Power fromengine _  2pT.Ng

he = Power infuel =~ 1000 FC C (213)
where FC = fuel consumption rate, kg/min
C = calorific value of the fuel, kJ/kg

The maximum value for engine efficiency is dependent on and strictly limited by the thermodynamics of the
engine processes. A maximum value of about 35% for a diesel engine can be expected; other types of engine
will, in general, be less efficient.

(d) Overall efficiency

We can a so define the overall efficiency for the tractor:

h _ Drawbar power
0 Fuel power

Engine power Wheel power Drawbar power
Fuel power ° Engine power *~ Wheel power

Engine efficiency . Transmission efficiency . Tractive efficiency

= hg .hy . hg (2.14)

Consider typical maximum values for these variables:

h 0.3 x 0.90 x 0.75

(0]

20%

Because the maximum tractive efficiency is low and highly variable and the other efficiencies are high
(transmission) or strictly limited (engine), any significant increase in the overall efficiency of tractor performance
will be achieved by increasing the tractive efficiency. Research into an understanding of the traction process and
into more efficient traction devicesis directed to this end.
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2.4.2 Tractive coefficient (pull - weight ratio)

As will be shown later, the performance of atractor depends to a significant degree on itsweight and, in
particular, on the weight on the driving wheels. It is therefore useful to define a non-dimensional drawbar pull -
weight ratio termed:

Drawbar pull
Weight on driving wheels

Tractive coefficient, y = (2.15)

The tractive coefficient is a number which characterizes the interaction between the wheel and the surface in an
anal ogous way to which coefficient of (sliding) friction characterizes the interaction between one body sliding on
another. Where a different wheel and surface may be considered similar to those for which the tractive coefficient
is known, then for the same wheeldlip:

Drawbar pull = Tractive coefficient x weight on wheel

Where atractor operates on a slope the tractive coefficient should logically be based on the total force parallel to
the ground, ie, on the drawbar pull plus the component of the weight of the tractor down the slope.

Where afour-wheel tractor is considered, and with other tractors also, the weight used may be the total weight on
all wheels. In quoting values of tractive coefficient, it is therefore necessary to state which weight has been used.

Problem 2.3

Estimate the maximum pull - (total) weight ratio for some local traction devices, eg, tractor, locomotive, draught
animal or human.

2.5 SUMMARY

TRACTOR PERFORMANCE PARAMETERS

[ Parameter |Engine [ Transmission [Wheels |
Input force Combustion pressure | Engine torque, Te Whedl torque, Ty
* Force conversion ratio Variable with rotation | Gegr ratio, g Forceradius
* Theoretical force - Engine torque x gear ratio Tractiveforce, H
* Force losses Mechanical friction Mechanical friction Rolling resistance, R
Output force Enginetorque, Te Whesl torque, Ty Drawbar pull, P
Input velocity Piston velocity Engine speed, Ne Whed speed, Ny
* Velocity conversionratio | Variable withrotation | Gear ratio, q Rolling radius
* Theoretical output velocity | Engine speed, Ne Engine speed / gear ratio Wheel linear speed, Vg
* Velocity losses Nil Nil Wheeldlip, i
Output velocity Engine speed, Ne Whed speed, Ny Travel speed, V
Input power Fuel power Engine power, Qe Wheel power, Qu
* Theoretical output power | - - Tractive power, Qt
Output power Engine power, Qe Wheel power, Qy Drawbar power, Qg

[Input/output efficiency [Fue efficiency,h  [Transmission efficiencyhy | Tractiveefficiency, hy |

Table 2.1 Summary of tractor performance parameters (Parkhill, Pers. comm)

2.6 REFERENCES

Brown, W.T. and Baillie, W.F. (1973) Australian Tractor Test Report No 78, Leyland 253. Australian Tractor
Testing Committee, University of Melbourne.

Parkhill, J. G., Personal communication
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CHAPTER 3
TRACTOR PERFORMANCE ON A FIRM SURFACE

3.1 INTRODUCTION

We begin the study of tractor performance in detail by considering the performance of a conventional two-wheel
drive tractor when operating on afirm surface.

As shown in Chapter 2 the ideal performance of a tractor reflects the performance of the engine and thg
transmission.

(0] Thetravel speed depends directly on the engine speed, inversely on the transmission ratio and ,when speed
losses are considered, on the wheeldlip.

(ii)  Thedrawbar pull depends directly on the engine torque, on the transmission ratio and, when force losses
are considered, on the rolling resistance.

(iii)  Thedrawbar power directly on the engine power and the losses through the transmission and at the wheel
ground surface asin (i) and (ii) above.

The actual performance of tractors has traditionally been determined by measurement during practical /
experimental tests of their engines and the complete tractor operating under controlled and repeatable conditions
as discussed in Section 1.4.2 (b) above.

In Chapter 3 we consider a conventional rear wheel drive tractor driven by adiesel engine through a transmission
with discrete gears. The tractor was set up with tyres (size and weight) and other conditions as recommended by
the manufacturer. 1t was then operated to explore the two variables that are open to choice by the operator, viz,
governor setting and gear selected.

Thetesting is done:

(i)  withthe engine driving arotary dynamometer or brake. Here the speed of the engine varies with the torque
load on it for various settings of the governor as determined by the operator. The fuel consumption and
efficiency of the engine are al'so measures of its performance.

(if)  with the tractor being operated on a firm surface. Here the travel speed varies as the drawbar load is varied.
The transmission ratio (the gear), as selected by the operator, influences the performance because it
determines the condition under which the draught load is matched to the output of the engine. The
efficiency of the transmission which is high and nearly constant is not a significant variable.

The example given is for the hypothetical 'Farmland’ tractor based on a selection of results from an Australian
Tractor Test Report No 78 (Brown and Baillie, 1973). Other data which are used in this book, have been extracted
and are presented in Table 1, Appendix I1.

The performance of the tractor is presented in graphical form. A detailed discussion of this technique is presented
in Vasey and Baillie (1969).

The following discussion is generally applicable to tractors with governed diesel engines (since these are now
most commonly used) although most of the principles would apply to the performance of tractors with other
forms of engine. Also, while the discussion is given mainly in terms of a four-wheel tractor, the same principles
would generally apply to atwo-wheel tractor (Pudjiono and Macmillan, 1995).
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Figure 3.1: Variationin air charge and torque also air consumption rate and power with engine
speed. Reproduced from data in Goulburn and Brown (1993) with permission by Mechanical
Engineering Publications / Professional Engineering Publishing Ltd.
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Figure 3.2: Variation of engine torque and power with speed for the Farmland
tractor engine at maximum governor setting; data from Figure 2.2.
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3.2 ENGINE PERFORMANCE

3.2.1 General

The detailed operation and performance of the diesel engineis presented in many text books, hence the discussion
here will be limited to its input and output performance characteristics.

(@) Output

Thisistransmitted from the crankshaft in arotational form, hence it is measured in terms of:
0 torque - rotational effort, Nm
(ii)  speed - rotational motion, rad/sec or rpm

The output will be represented by the way in which the torque developed by the engine (equals torque load
appliedto the engine) varies with its (rotational) speed.

(b) Input

Thisisin the form of:
(i)  ardrawnintothe engine acting as a pump (air charge)
(i)  fuel metered into the air:
* dready in the cylinders for diesel engine
* by the carburetor during its passage to cylinders for a spark ignition engine

The maximum output of the engineis effectively determined by the maximum input, the limiting factor being
the quantity of air (charge) drawn into the cylinder on each stroke (Goulburn and Brown, 1993). Thisin turn will
depend on;

(i)  thesizeof the cylinders

(ii)  therestriction offered by the air passages, valves, etc

(iii)  thetime available for the air to be drawn in

For agiven engine:

0 at high speed, the time available for the air to enter the cylindersis so short that the air charge is reduced;

(i)  at low speed, the time available for the air to enter the cylindersis longer but heating of the air in the
cylinder reducesthe charge

Hence, for a given engine, there is an optimum speed at which most air is drawn in; at both higher and lower
speeds, less air enters (Figure 3.1).

Because the output (torque) from the engine depends on input (air), the maximum _output (torque) coincides
approximately with maximum air charge. Strictly, this statement is only true for afixed air / fuel ratio, as
determined by the amount of fuel which can be effectively burnt in the air available. More fuel will give slightly
greater output torque, but most of the extra fuel will be wasted and will appear as black, un-burnt carbon in the
exhaust gas.

3.2.2 Output

(a) Torque- sped

The torque output represents the magnitude of the rotational effort devel oped by the engine against atorque load
applied to it. The torque-speed graph for an un-governed engine shows a very wide range of speed as the torque
load is varied; see Figure 3.1.

In operation the load on atractor and hence the torque on the engine varies widely and in an unpredictable way,
which would cause the tractor to slow down and speed up according to the load. This would be unsuitable,
particularly for many PTO driven machines such as cereal harvesters or forage mowers where a constant PTO
Speed is needed.

To overcome this problem and to reduce the speed variation with load, the engine is fitted with agovernor. This

isadevice which:

0 can be set by the operator to give different engine speeds

(ii)  automatically increases the fuel to the engine as the load on it increases, to keep its speed approximately
constant
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Figure 3.3 Variation of fuel consumption and specific fuel consumption with engine
power for the Farmland tractor engine at maximum governor setting.
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For any given governor setting, there are two ranges in which the engine can operate (Figure 3.2).

0 In the "governed range(s)”, where the engine runs under control of the governor. Asthe torque load varies,
so fuel is varied to keep the speed approximately constant as shown by the near vertical line. Only the
maximum governor setting is shown in Figure 3.2; lines for other governor settings are shown in
Figure 3.4.

(i)  Inthe‘full-fuel range’, where the governor is not controlling the fuel supply. The fuel system supplies a
fixed maximum quantity of fuel per stroke (as set by the manufacturer); the speed varies widely (from
2250 to 1000 rpm) as shown by the dotted line in Figure 3.2.

The governed range is where the tractor is normally operated; the load and, as shown later, particularly the gear
ratio are chosen to cause the engine to operate in thisrange. Thus the speed range is determined by the setting of
the governor by the operator; within that range, the speed is automatically set by the governor.

Maximum torque for a diesel engineisreached at quite alow speed. Theincrease in torque as the engine slows
down in the full fuel range (sometimes called "torque back-up") is areserve of effort; it indicates the ability of
the engine to increase its torque output, above that at maximum power, prior to stalling (stopping). This feature
appears in the drawbar characteristics of the tractor as discussed in Section 3.3.1 and following.

(b) Power - speed

While the torque represents a fundamental performance parameter for the engine, the operator is usualy more
interested in the rate at which that torque effort will do work, ie, the power of the engine.

From Equation 2.3
Engine power(l), Qe = 2p .Enginetorque Te. Engine speed Ne

For each point on and under the torque - speed curve, there is a corresponding point on and under the power -
speed curve (Fig. 3.2). Asthe load on the engine is increased, the condition where the governor first provides the
maximum fuel rate, gives maximum power for that governor setting. At higher torques and lower speedsin the
full fuel range the power isless.

The output from the PTO also reflects that of the engine. However Figure 3.2 shows only one value of the
power output from the PTO when it is operating at the (arbitrarily) defined “standard PTO speed” of 540 rpm. At
this speed the engine in the Farmland tractor is rotating at 1810 rpm. From thisit will be seen that greater (or
lesser) maximum power can be taken from the PTO but they will be at a speed greater (or less) than 540 rpm.

(c) Summary

As we increase the torque load on the engine:
(0] in the governed ranges, the torque and power increase and the speed decreases slightly until the power
reaches a maximum
(ii)  inthefull-fuel range, any further increase in the torque load causes:
* asmall increase in the torque
* alarge decrease in the speed
* aresultant decrease in the power
(iii)  at maximum torque the engine will stall.

Varying the governor setting:

(i) varies the governed range of speed in which the engine runs
(i)  variesthe maximum power developed by the engine

(iii)  does not vary the maximum torque developed by the engine

The governed ranges are of most interest to the operator because it is in these that the engine operates most of
the time.

@ Engine power is often termed “brake” power (measured by a “brake” or dynamometer) or “shaft” power
(available at the output “shaft”).
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3.2.3 Input

(@) Fuel consumption

The other factor of interest in engine performance is the input as represented by the fuel consumption (strictly
fuel consumption rate) and how this varies with the output as represented by the power in the governed range.

Fuel used F

Fuel consumption (FC) = Time taken t

(3.1)

Itisquoted inkg/hr or L/hr and is usually plotted against power.

Asseenin Figure 3.3 the fuel consumption (above that required to keep the engine running at zero power) is
approximately proportional to power. The graph shown applies to maximum governor setting; lower governor
settings would give similar, but slightly lower fuel consumption - power graphs.

(b) Specific fuel consumption rate

The fuel consumption is a suitable parameter for representing the input performance of one engine but does not
allow a comparison of engines of different size. To do that, it is convenient to calculate the fuel consumption
(rate) per kW of power developed by the engine. Hence we define:

Fuel consumption FC

Specific fuel consumption (SFC) = Engine power Qg

g/kWhr (3.2

Specific fuel consumption (sometimes termed fuel economy) is also usually plotted against engine power as also
shown in Figure 3.3; low values signify good economy, ie, low rate of fuel consumption per unit power
devel oped.

Figure 3.3 gives the specific fuel consumption at maximum governor setting; lower governor settings would
give similar, but usually slightly lower, specific fuel consumption - power graphs.

At each point on and under the power-speed graph, we can calculate a specific fuel consumption; if thisis plotted
perpendicular to the page we obtain a surface representing the three important aspects of the engine performance
on one graph, viz, speed, power and specific fuel consumption. Lines of equal specific fuel consumption are
shown as contours on Figure 3.4 (a). A model of the specific fuel consumption, here plotted on atorque - speed
base, is shown (for adifferent tractor) in Figure 3.4(b).

The specific fuel consumption is generally lowest at 80 - 90% of maximum power at any governor setting.
Hence, leaving aside other considerations discussed later, it would be desirable, from an economic point of view,
to load the engine so that its operating point was in this region. The absolute lowest specific fuel consumption
usually occurs at an intermediate governor setting.

Problem 3.1

An engine rotates at 2100 rpm and develops atorque of 79 Nm; it uses 1.17 kg of fuel in 15 min.
Calculate the power it develops, its fuel consumption and specific fuel consumption.

Answer:
2100 x 79
Q=2pNT = 2XZWX R = X 17.4kw
_F _117 _
FC = T 0o 4.68 kg/hr
_FC _468 _
SFC = Q 174 - 269 g/kWhr
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Figure 3.5 Schematic of wood saw driven from PTO of Farmland tractor; refer Problem 3.4
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Problem 3.2

Using data for the Farmland tractor engine from Figures 3.2, 3.3 and 3.4(a):
0] What is the maximum power available at 2000 rpm? Answer: 31.5 kW
(i)  What isthe power available at maximum torque? Answer: 22.5 kW
(iii)  What are the FC and SFC at 25kW and maximum governor setting? Answer: 6.8 kg/hr; 270 g/kWhr
(iv)  What arethe SFC and FC at 15kW and 1500 rpm?

Answers. SFC = 245 g/kWhr  (interpolated between contours)

FC =245x15=3.7 kg/hr

(v)  What isthe best SFC for a no-load speed of 2040 rpm? Answer: 250 g/kWhr
(vi)  What isthe FC and SFC when the PTO is operating at 540rpm and maximum power?

Answers: SFC = 250 g/kWhr; FC = 250 x 28 =7 kg/hr

Problem 3.3

Using data for the Farmland tractor engine from Figure 3.2

0 What is the speed of the PTO when the engine is rotating at its maximum speed and power?
Answer: PTO speed =540 %ﬁg =670 rpm

(i)  Estimate the maximum power available at the PTO for maximum engine speed.
Answer: 31.5 kW

(iii) At what speed should the engine rotate to give a PTO speed of 600 rpm?
Answer: PTO speed = 1810 % = 2010 rpm

(iv) Estimatethe efficiency of the PTO.

Answer:; PTO efficiency = g—g 100 = 93%

Problem 3.4

A circular saw 1.05 min diameter isto be driven from the PTO of the Farmland tractor as shown schematically
in Figure 3.5. The linear speed of the cutting tip of the saw is to be approximately 50 m/s. The pulley on the
PTO gear box and that on the saw shaft are both 230 mm diameter. The belt pulley runs at 1300rpm when the
engine speed is 2250 rpm.

(i) What engine speed should be used?
Answer:
50 x 60

Forthesaw, V=50=p DN, N:m =910 rpm
) . _ 910 _
For this saw speed, engine speed, Ne= 1300 2250 = 1575rpm

(i) Using Figure 3.4 (@), estimate the maximum power available at the saw. Answer: 25 kW

(iii) If the saw absorbs 20 kW for 30% of the time and 7.5 kW for the remainder, estimate the average fuel
consumption?

Answer: At 20 kW, SFC = 240 g/kWhr; FC =240 x 20 = 4.8 kg/hr
At 7.5 kW, SFC = 325 g/lkWhr; FC =335 x 7.5 = 2.5 kg/hr

Average FC =0.3x 4.8+ 0.7 x 2.5 = 3.2 kg/hr
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3.3 TRACTOR DRAWBAR PERFORMANCE
3.3.1 Output

(a) Travel speed - drawbar pull

The mechanism of the tractor (the transmission and wheels) converts the rotary motion of the engine to linear
motion of the drawbar. Asshown in Section 2.2.1 above, the tractor operates:

(i)  withanideal travel speed:
Ne
Vg = D—

) p q

This neglectsloss in travel speed due to slip of the driving wheels.
(ii)  with anidea drawbar pull:

2qT
P = 5
D

This neglectslossin drawbar pull due to rolling resistance of the wheels.

Thusfor the tractor in:

0 higher gears (smaller values of g, smaller speed reductions, smaller torque multiplications) will give
higher travel speeds and lower maximum drawbar pulls

(ii)  lower gears (larger values of g, larger speed reductions, larger torque multiplications) will give lower travel
speeds and higher maximum drawbar pulls

The actual travel speed - drawbar pull graphs for the Farmland tractor when tested on atest track at maximum

governed speed are shown in Figure 3.6. Consideration of the above equations and Figure 3.2 will show that:

0 travel speed at zero drawbar pull is determined by gear ratio, q

(ii)  travel speed decreases as drawbar pull isincreased because of decreasing engine speed and increasing
wheelslip

Comparison of these with the ideal graphsin Figure 2.2(c) shows that they are similar in form but the:
0 actual travel speeds are lessthan the ideal, particularly at higher drawbar pulls
(i)  actua drawbar pulls are less than the ideal

Increasing the drawbar pull of the tractor in the three highest gears will eventually bring the engine to its
maximum torque condition at which forward motion will cease; the engine will stall.

In the four lowest gears, the torque multiplication (q) is so great that, instead of stalling the engine asin the
higher gears, the engine can make the wheels slip completely and hence the drawbar pull is effectively limited by
wheeldlip. In these gears, the engine does not reach full power; all such gears have the same maximum pull
(Figure. 3.6).

Plotting the maximum engine power envelope from Section 2.2.4 and a maximum drawbar power envelope on
these axes shows how the actual performance falls short of the maximum, particularly at large drawbar pulls.

The above graphs are shown for maximum governor settings: lower settings will give lower travel speeds but
approximately the same maximum drawbar pull in any gear corresponding to maximum torque, which is
independent of the governor setting.

Note the small, ‘triangular' shaped areas between the performance lines for the gears and the maximum drawbar
power envelope. These are areas in which the engine could operate the tractor but which are unavailable because
of the discrete values of the gear ratios. More gears would reduce the size of these; in the limit a continuously
variable transmission (as in a hydrostatic drive) would allow the tractor to operate at al points on or under the
maximum drawbar power envelope.
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power for the Farmland tractor in 6th gear at maximum governor setting
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(b) Drawbar power - drawbar pull

Given the drawbar pull - travel speed characteristics of the tractor shown above, the drawbar power - drawbar pull
characteristic will be determined from Equation 2.4:

Drawbar power Q = Drawbar pull P . Travel speed V

It isusual to plot drawbar power against drawbar pull as shown in Figure. 3.7.

Consideration of the above equation and Figure 3.6 will show that:

0 at zero drawbar pull, the drawbar power will be zero

(i)  the maximum drawbar power (shown with 'x' for the three higher gears) will correspond to maximum
engine power

(iii) ~ for the lower gears, in which wheeldlip is limiting, drawbar power will not reach the value corresponding
to maximum engine power

We can aso identify the ideal power “envelope” from Section 2.2.4 which the drawbar power curves approach in
the higher gears. In the lower gears, where drawbar pull islimited by wheeldlip, they fall far short; the difference
represents mainly the power losses because of wheelslip and, to alesser extent, rolling resistance. This matter is
discussed further in Section 5.4.2.

3.3.2 Input

(a) Fuel_consumption - drawbar power

The fuel consumption characteristics of the tractor shown in Figure 3.8 for 6th gear and for the maximum
governor setting will reflect the fuel consumption characteristics of the engine. Again the fuel consumption (rate)
(above that required to keep the tractor moving with no drawbar pull) is approximately proportional to the
drawbar power being developed.

(b) Specific fuel consumption - drawbar power

The specific fuel consumption (rate) for the tractor is defined as:

_ Fuel consumption FC (tractor)

SFC Drawbar power Q

The graph of specific fuel consumption versus drawbar power at maximum governor setting is also shown in
Figure. 3.8.

For a given engine power the tractor SFC will be higher than for the engine alone since the drawbar power will
be less than the engine power due to power loss in the transmission and wheels.

Conditions of efficient fuel use (good economy, low SFC) by the tractor will correspond to governor setting
(hence engine speed), gear selected (hence travel speed) and drawbar pull (determined by the load) that will bring
the engine to work in an area of low engine SFC as shown in Figure 3.4.
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3.3.3 Other measures of tractor performance

(a) Wheeldlip - drawbar pull

Wheeldlip (usually abbreviated slip) represents aloss of forward motion by the tractor and an associated | oss of
power as discussed in Section 2.3 above. It arises because the force at the wheel / surface causes aloss of
motion, ie, the tractor does not move forward an amount equal to the amount that the wheel rotates. (See also the
more detailed discussion in Section 4.1 below).

The definition of slip given in Section 2.3.1 is equivalent to:

m,-m

Slipi = e

where: m = distance traveled for given number of revolutions with drawbar pull
mg = distance traveled for given number of revolutions with zero drawbar pull

Becauseit is closely related to the wheel / surface reaction (parallel to the surface), which depends on the drawbar
pull, it isusual to plot slip against this variable, as also shown in Fig. 3.6. Slip does not depend to a significant
extent on speed, hence asingle slip - drawbar pull graph is shown for al gears ( travel speeds).

Slip is an important dependent variable in showing the “state” of the traction process and will be used in Chapter
4 to define the drawbar pull for one optimum condition, that is, maximum drawbar power.

(b) Tractiveefficiency

Tractive efficiency was defined in Section 2.4.1 as:

_ Drawbar power Qg
~ Wheel power Qy

ht

If we assume power losses in the transmission from engine to the wheels of, say 10%, we can write:

Qd

ht=359xae

Thusfor the higher gears, for which we know both maximum engine power and maximum drawbar power (under
the same conditions), we can calculate tractive efficiency as shown in Problems 3.5 and 3.9 below.

(c) Tractive coefficient

Tractive coefficient was defined in Section 2.4.2 as:

Drawbar pull P
ht on driving wheels W

Tractive coefficienty = Weig

Thetractive coefficient can be used to estimate the maximum drawbar pull for the tractor with other weights on
the wheels or for other tractors with similar tyres, etc; see Problem 3.10 below.
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Problem 3.5

A tractor wastested on afirm surface and gave the following data.

Rear wheel weight Wr = 3900 kg Engine power Qg=62.1kW
Drawbar pull P =26.2kN Fuel consumed F =176¢
Distance, no-load mg=55.8 m Time t =258s
Distance, load m =46.2m

Determine the wheelslip, travel speed, drawbar power, tractive efficiency, fuel consumption and specific fuel
consumption.

Answers:
(mg-m) -
Wheelslip, i = 0 _ (55.8-46.2 ~17%
Mo 55.8
_m_462 _
Travel speed,V = T "®8 - 1.79 m/s

Drawbar power, Qq = PV = 26.2 x 1.79 = 47 KW

Assuming transmission efficiency h, =0.9

Wheel power, Q,, = 0.9 x 62.1 = 55.9 kW

Qd _469
I ici = —_— = —_— = 0,
Tractive efficiency, hy O 559 84 %
. F 176
Fuel consumption rate, FC = T "8 - 6.8 g/sec = 24.5 kg/hr
Specific fuel consumption, SFC = I _6.8x3600 520 g/kWhr

Qd 47.2

Problem 3.6

For the Farmland tractor operating in 5th gear at maximum governor setting, use data from Figures 3.6 and 3.7
to determine:

(i) thetravel speed, drawbar power and the wheel dip if the drawbar pull is 10kN?

Answers: 6 km/hr, 17 kW, 7.5 %

(i) what is the maximum drawbar pull in the governed range and the wheeldlip under these conditions?
Answers: 18 kN, 15 %

Problem 3.7

For the Farmland tractor operating at maximum governor setting with a drawbar pull of 15 kN use data from
Figure 3.6 and 3.7 to determine, for gears 1, 3 and 5, at what speedsit will travel, what drawbar powers will be
developed and what will be the wheeldlip?

Answers: Gear 1, 2.3 km/hr, 9 kW, 11 %; gear 3, 3.6 km/hr, 15 kW,11 %, gear 5, 5.7 km/hr, 23 kW, 11 %.
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Problem 3.8

For the Farmland tractor operating at maximum governor setting, and developing 20 kW at the drawbar, use data
from Figure 3.6 and 3.7 to determine, for gears 4, 5 and 6, what drawbar pullsit will develop, at what speeds it
will travel and what will be the wheel dlips?

Answers. Gear 4, 16.5 kN, 3.5 km/hr,12 %; gear 5, 12.5 kN, 5.9 km/hr, 9%; gear 6, 9.5 kN, 7.6 km/hr, 7 %

Problem 3.9

For the Farmland tractor operating in 6th gear at maximum governor setting, use data from Figure 3.6 and 3.7
to determine;
(i) what are the maximum drawbar power and the corresponding engine power?
Answers: 26.2 kW, 33.5 kW.
(ii) an estimate of the tractive efficiency:
Answers:
Drawbar power Qd _ 262
0.90 x Engine power Qe 0.9x 33.

Tractive efficiency ht = =87%

Problem 3.10
For the Farmland tractor use data from Figure 3.6 and 3.7 to determine:

(i) What are the maximum drawbar pull and the maximum tractive coefficient if the weight on the rear wheelsis
2570kg.

Answer: 21.5 kN

. .. Maximum drawbar pull Pmax _ 21.5x 1000
Tractive coefficient =

Weight on driving wheelsW ~ ~ 2570 x 9.8

= 0.85 at 100% wheelslip

(ii) What weight would have to be added to the rear wheels of the tractor for it to have a maximum pull of 24kN?
Answer: Assuming the same tractive coefficient at 100 % wheeldlip:
Maximum drawbar pull, P

Weight on rear wheelsW =
g Maximum tractive coefficient,y yax
-4 _ -
=085 - 28.2 kN = 2880 kg

Weight to be added = 2880 - 2570 = 310 kg

Note: A large increase in the weight on the rear wheelswill give a proportional increase in the drawbar pull but
may overload the transmission components and / or cause the tractor to tip over rearwards.
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CHAPTER 4
TRACTOR PERFORMANCE ON SOFT SOIL - THEORETICAL

4.1 INTRODUCTION

4.1.1 General

The study of tractor performance on soft soil isatypical agricultural engineering problem but it is part of a
much larger subject that includes soil - implement and soil - vehicle mechanicsin general and other applications
associated with military and space vehicles'. Early work on military vehicles was mainly concerned with the
prediction of "trafficability”, ie, if asimple penetrometer (a device for measuring the force to push a certain shape

into the soil) could be used to predict whether a vehicle could traverse a particular area of ground.

More recent studies of tractor performance on soft soil have proceeded along two lines as mentioned in Section
1.4.2 (c) and (d) above, viz:

(a) Theoretica

The theoretical approach uses classical soil properties (cohesion (c) and angle of internal friction (f )) and some
semi - empirical parameters to develop amodel for the prediction of the tractive force (soil reaction) and drawbai|
pull. This approach, which provides the best understanding of the traction process and an appropriate introduction
for students, will be followed here.

(b) Empirical

The empirical approach is one where the tractor performance is predicted purely on the basis of a correlation off
cone penetrometer readings with corresponding performance measurements. Such an approach provides a ready
and useful means of performance prediction but it is not suitable as a basis for understanding the traction process;
abrief treatment is given in Chapter 5.

The usual approach to considering the prediction of tractor performance isto begin with the study of the
performance of single wheels. The performance of the tractor is then understood as the combined interaction and
performance of two or more such wheels.

4.1.2 Definitions

The factors which are significant in the study of the performance of a single wheel may be defined as follows:

0 Vertical load or weight on the wheel, W isthe vertical force through the axle.

(i)  Travel (output) speed, V isthe linear speed of driven wheel; thereis usually some lossin motion dueto
wheel-glip; thus from Equation 2.1:

Travel speed < Rotational speed x Rolling radius

(iii)  Rolling radiusis defined in terms of the ‘ distance traveled per revolution’ /2p under some defined zero
conditions; these usually include zero drawbar pull, zero braking torque and a defined surface.

(iv)  Wheel-dlip, i isthe proportional measure by which the actual travel speed of the wheel falls short of (or
exceeds) the "theoretical" speed (Equation 2.5).

(v)  Input torque is the (rotational) input effort on driven wheel which is converted to (linear) output effort
(force or drawbar pull); thereis usually some loss in effort due to the rolling resistance hence from
Equation 2.2

Drawbar ull < [nput torgue
P Rolling radius

! Other terms used to describe the general field include “off-road locomotion” and “terra-mechanics’ (earth mechanics).
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(vi) Rolling (motion) resistance, R is the force opposing motion of the wheel that arises from the non-
recoverable energy expended in deforming the surface and whedl. It is convenient to consider thisforce as
acting in the horizontal direction.

(vii) Tractiveforce, H isthe horizontal reaction on a driven wheel by the soil in the contact arez; it is equal and
opposite to the horizontal force generated by the wheel on the soil .

(viii) Drawbar pull, Pisthe horizontal force at the axle generated by a driven wheel; from Equation 2.7 it may
be assumed that:

Drawbar pull = Tractive force - Rolling resistance

(ix) Towing forceisthe force to move afreely rolling wheel over the surface and is equal and opposite to the
rolling resistance.

The traditional four-wheel tractor isa combination of driven (or occasionally braked) wheels at the rear and free-
rolling, towed (pushed) wheels at the front.

4.1.3 Operational states of a wheel

The operation of awheel can be classified into one of the following states; each occurs within the tractor or other
machines under some conditions and each has a particular unknown parameter associated with it.

(a) Towed

Here the wheel, such as the front wheel of the tractor or the wheel of an agricultural implement, istowed with
zero opposing external torque; the unknown parameter is the rolling resistance.

(b) Sef-propelled

Here the wheel is driven with an external input torque to overcome its own rolling resistance and to propel it
across the surface without developing a drawbar pull. This approximates to the drive wheel of atractor with no
drawbar pull (if we neglect the rolling resistance of the front wheels); the unknown parameter is the rolling
resistance.

(c) Driven

Here the wheel is driven with an external input torque and is required to develop a drawbar pull asin the drive
wheel of a tractor; the unknown parameter isthe wheelslip. The extreme case is where the wheel slips, but
does not move forward.

(d) Braked

Here the wheel istowed against an opposing, external torque as when being braked or when it is used to generate
atorque to operate a 'ground-driven' machine such as a seed drill; the unknown parameter is the wheeldlip. The
extreme case is where the wheel does not rotate, but just skids across the surface.

Figure 4.1 (Wismer and Luth, 1974) shows these operational states of awheel in which input and output torque
and input and output force (towing force or drawbar pull) are shown plotted against wheel-dlip. From thisit will
be seen that:

0] the self-propelled wheel is a special case of the driven wheel, with zero drawbar pull.
(ii)  thetowed wheel is a special case of the braked wheel, with zero braking torque.

The origins for the graphs shown are based on the assumption that, with respect to the kinematic ideal (origin at
0), aself-propelled wheel is subject to some positive slip (origin at O') and a towed wheel is subject to some
negative wheeldlip (origin at O").

Figure 4.2 uses the trajectory of a point on awheel rolling on a horizontal surface (the cycloid) to illustrate the
effect of wheelslip by showing the distances traveled by the wheel for the various states discussed above and
represented in Figure 4.1. The wheelslip is shown by the loop (motion of the wheel relative to the surface) in the
trgjectory for the self propelled and driven wheels.
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4.1.4 Wheel - slip definition

The generation of adrawbar pull by awheel driven on a surface results in some relative motion at the wheel -
surface interface. This reduces the forward motion of the wheel to less than the ideal value and is referred to
generally as'wheelslip' or 'slip’. In terms of measurement, prediction and presentation of tractor performance,
dlip isthe single most important, dependent parameter.

Slip is defined as the proportional measure by which the actual travel speed (or distance) of awheel falls short or
exceeds the 'ideal’ or 'zero' slip speed (or distance). The magnitude of slip is thus dependent on how the “zero”
dip is defined and measured.

The correct zero condition would be under conditions where the travel speed = linear speed of the surface of the
wheel = rotational speed x rolling radius. However, since the rolling radius is impossible, or at least difficult,
to measure, a more convenient zero condition and method of measuring it isused. This alternative 'zero'
condition is defined as that occurring when the wheel is driven (usually over the (test) surface) with zero drawbar
pull (noload), ie, in the self-propelled condition shown as the origin at point O' in Figure 4.1.

Thusasin Section 2.3.1 and Equation 2.5,

Vg-V
Wheel-dlip,i = 100 % (4.1)
Vo
where Vo,  =travel speed when the wheel is driven, withzero drawbar pull, on the surface
Y = travel speed when the wheel is generating a drawbar pull, on the surface

The driven condition is used, in preference to the towed (point 0" in Figure 4.1), because it is usually more
convenient to drive the wheel over the surface with zero drawbar pull than to tow it.

An alternative 'zero' condition for slip iswhere, for the zero pull test, the wheel is driven on a hard surface (such
as aroad), rather than on thetest surface. Under these conditions the slip at zero drawbar pull on the test surface
will not be zero. In describing an experiment it is necessary to state which 'zero' slip condition was used.

In measuring the performance of atractor it is not possible to drive awheel alone over the test surface, hence the
zero slip condition is usually taken when the tractor is driven with zero drawbar pull over the test surface. The
drive wheels will suffer some extra small slip in having to overcome the rolling resistance of the front wheels.
Thus the “zero” point will be even further to the right than 0' in Figure 4.1.

4.1.5 Wheelslip measurement

The use of velocity for measuring slip for atractor as described above is not particularly convenient because
variations in engine speed would influence the result, hence other methods have been devised. In the following it
is assumed that the zero drawbar pull distance is measured on the test surface.

(a) Measurement of distance traveled

In terms of distances (for a given number of wheel revolutions):

Mg - M
Whedldlip,i = 100 % 4.2
o}
where: mg = distance traveled when the tractor is driven with zero drawbar pull on the surface
m = distance traveled when the tractor is generating a drawbar pull on the surface

Thisis a convenient method when only a distance measuring tape is available and when the counting of whole
numbers of wheel revolutions can be done visually; the tractor is tested over the same number of revolutions for
both tests.
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(b) Counting of wheel revolutions

In terms of numbers of wheel revolutions (for a given distance travel ed):

N - N

Whedl-slip,i = — 2 100 % 4.3)
where: No = number of wheel revolutions when the tractor is driven with zero drawbar pull on the surface
N = number of wheel revolutions when the tractor is generating a drawbar pull on the surface

Thisis aconvenient method if equipment to measure fractions of a wheel revolution is available; the tractor is
tested over the samedistance in both tests.

(c) Useof afreerolling wheel

On some occasionsit is desirable to be able to measure slip while moving but to do so it is necessary to avoid
the requirement that the zero-pull  test and subsequent with-pull tests be conducted over the same number of
wheel revolutions (method (a) above) or for the same distance (method (b) above).

The use of afree-rolling whedl (such as an attached 'fifth whedl' or atractor front wheel) asa "non-dlip” reference
overcomes this problem in principle. The method involves the use of revolutions of the free wheel (ng and n) to

infer the rear wheel revolutions under the zero-pull (N) test, corresponding to the unknown distance used for the
pull test (for which N revolutions were recorded). Thus from Equation 4.3,

n
N - TONO
Wheeldlip, i = ———— (4.4

From Equation 4.4, it can be seen that the rear wheel revolutions (N ) for the zero pull tests are scaled by the

ratio of the free wheel revolutions for the zero-pull ~ and with-pull  tests, nj and n, to give the zero pull, rear
wheel revolutions corresponding to the pull test distance.

In order to use this method it is necessary to have awheel counter (to measure fractions of arevolution) on both
the driving and the free wheel(s). 1t should also be noted that the free wheel revolutions are affected by speed and
surface condition and so the free wheel may need to be calibrated if accurate results are to be obtained, particularly
at small dlips (Parkhill and Macmillan, 1984).

Modern techniques for continuously measuring slip using radar or ultrasonic sound for speed measurement are
now available.
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4.2 TRACTIVE PERFORMANCE

Asdiscussed in Section 1.4 above, four different approaches have been taken to the study of tractor performance;
three have been applied to tractive performance.

4.2.1 Practical / experimental measur ement

The early study of the performance of tractors was limited to the experimental measurement of travel speed and
wheelslip at various drawbar pulls on soils (for example, Southwell, 1964) and on test tracks (Baillie and Vasey,
(1969) . Theresults, as discussed in Chapter 3, were intended to provide an understanding of the principles
involved and abasis for comparing the relative performance that farmers might expect from the various tractors
inthefied.

Rolling resistance of wheels was measured by equating it to the towing force required to move different types of
(mainly transport) wheels across visually described surfaces, eg. road (hard), stubble (firm), cultivated soil (soft)
etc. The results were quoted on the basis of a coefficient of rolling resistance. The early work of McKibben and
Davidson, (1940) was of thistype.

4.2.2 Theoretical prediction

The theoretical prediction of tractive performance has involved the separation of the problem into two parts, viz,
the prediction of:

(i) tractiveforce, H
(ii) rolling resistance, R

Using this approach it is assumed (Equation 2.7) that the drawbar pull (P) is what remains of the tractive force
after the rolling resistance has been overcome, i€

P@) = H@) - R (4.5

where:P(i) implies that P will be determined as a function of slip
H(i) impliesthat H will be predicted as a function of dlip

While R isalso afunction of slip, thisfunction is not known and hence the value for R is that measured under
the towed condition or predicted using the theory in Section 4.3, both of which assume zero slip. Clearly thisis
only approximate because the rolling resistance under finite slips will be greater than the value measured or
predicted with zero dip.

The generation of a tractive force by the tractor requires an equal and opposite horizontal reaction by the soil
against the driving wheels in the contact area. This reaction force, which in effect determines the tractor
performance, is predicted on the basis of the soil strength parameters (c and f) and the soil deformation
corresponding to various wheelslip values.

The support of the tractor requires a vertical reaction on the wheels which causes vertical deformation of the soil
in the contact area. Equating the energy to deform the soil (ie. to make the rut) to the work done by the rolling
resistance force provides a basis for calculation of the latter. The process is modelled by the pressure - sinkage
relationship for a plate pressed into the soil; slip is considered to be zero (See Section 4.3).

4.2.3 Empirical prediction

Here experimental data on the drawbar pull and rolling resistance of various wheels together with a single soil
parameter (the cone index obtained by measuring the force to push a cone penetrometer into the soil) are used to
predict drawbar pull and rolling resistance on a purely empirical basis (Wismer and Luth, 1974) as discussed in
Chapter 5.

As mentioned in Section 1.4 above the theoretical / predictive approach provides the best basis for understanding
tractive performance and will be emphasised here; the other approaches may be more readily used for the
immediate determination of wheel performance.
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Figure 4.3: Various conditions for awheel rolling on a surface
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4.3 ROLLING RESISTANCE

4.3.1 Wheel conditions

Therolling resistance of awheel is, in general terms, the force opposing the motion of the wheel asit rollson a
surface. Thisforce arises from the energy losses that occur dueto

M the elastic but non-ideal deformation of the wheel
(i)  theindastic and non-recoverable (plastic) deformation of the surface
(iii) ~ friction in the wheel bearings (usually assumed to be negligible)

From this it will be clear that the rolling resistance of awheel will be afunction of the strength - deformation
properties of the surface and the size and deformation characteristics of the wheel. For wheels with tyres, the
secondary factorsinclude the air pressure, the structure of the tyre carcass (radial or bias ply) and the tread pattern.

For speeds used with agricultural tractors, rolling resistance is relatively independent of the speed of deformation
of the soil and the tyre, hence of the travel speed.

We may consider arange of wheels as shown in Figure 4.3; here 'hard’ means near rigid and 'soft' means
deformable.

(i)  Theideal isaperfectly rigid wheel rolling on a perfectly rigid surface. This defines the kinematics of the
rolling whesel.

(ii)  Hard wheel on ahard surface. Thisis approximated to by an elastic steel wheel rolling on an elastic steel
track asin arailway.

(iii)  Hard wheel on soft surface. Here most of the deformation and energy loss occurs in the surface which
yields plastically but does not recover. Tractor front wheels and implement wheels with 'high' pressure
tyres, operating on soft agricultural soil, are of this type.

(iv)  Soft wheel on hard surface. Here most of the deformation and energy loss occurs in the wheel and appears
asheat. Tractor driving wheels and vehicle wheels both operating on road surfaces are of thistype.

(v)  Soft wheel on soft surface. Here both the wheel and the surface deform significantly asin the tractor rear
wheel operating on soft soil. Energy loss occurs mainly in deforming the soil asin (iii) above.

One major aspect of understanding and predicting tractor performance is that of determining the rolling resistance
of awheel asit istowed without slip over the surface. The problem of determining the rolling resistance of a
driving wheel, when dlip is present, is more complex and will not be considered here (Reece, 1965-66).

4.3.2 Theoretical prediction

When awheel rolls over a soft surface it makes arut or compacted track. The simplest basis for the prediction of
itsrolling resistance is to therefore assume that the work done against the rolling resistance is the work done in
compacting the soil. Bekker (1956) assumed that the wheel was equivalent to a plate continuously being pressed
into the soil to adepth equal to the depth of the rut produced by the wheel.

(a) Work doneto deform soil

For aplate, length ¢, width b, being pressed into the soil, asin Figure 4.4, Bekker suggested that the pressure,
p under such aplateis given by:

b= (k) «9)

where: zisvertical soil deformation (sinkage)
ke, k¢ are soil sinkage moduli
n is soil sinkage exponent
b is the width of the plate
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Figure 4.4: Plate being pushed into the soil to measure rolling resistance parameters (Cut away view)

b1
log p
b,
b 3
n
ke/bq+Ks
v
log z

Figure 4.5: Log p plotted against log z in analysis of plate sinkage tests.
Reproduced from Bekker (1969) with permission of University of Michigan Press
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Then the vertical work to press such a plate into the soil:

Zo
Work = b/ f) p dz
0

ke 2
:bZ(F +kf) QO zdz
0

0 (ke + bkg)
= —z
n+1

On+1 4.7

But for aweight, W on the plate, at maximum sinkage zq,

W :bfpmax
k
=bl (T + ki) 2"
= 0 (ke + bk ) z"

w
0 = [z(kc+ bkf)]lm

Substituting for zg in Equation 4.7 gives

O(ke+ bkf) W
Work = ch [7ke+ bkp) | (D (4.8)

Before considering the two types of wheel / surface that have been analysed on this basis we need to show how
the soil parameters can be measured.

(b) Measuring soil parameters

Because the work to compact the soil is used as the basis of prediction of rolling resistance, the force to push a
plate into the soil and the associated sinkage is chosen as an appropriate method of determining the soil
parameters for the calculation of rolling resistance.

To obtain the parameters, a series of plates of different widths, b1, by, b3 are pushed into the soil while the
force and corresponding sinkage are measured. From Equation 4.6 we can write:

ke
logp = Iog(g +ki)+n.logz

Assuming the data follow Equation 4.6, when log p is then plotted against log z, we get a series of straight lines

of slope 'n" and intercept on the log p axis = (FC + k§) asshown in Figure 4.5. Further if the intercepts are

1

b the slope of thislineis k¢ and the intercept at % isks.

then plotted against
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Figure 4.6: Parameters for the analysis of the rolling resistance of a soft wheel on a soft surface.
Reproduced from Bekker (1960) with permission of the University of Michigan Press.

Figure 4.7: Parameters for the analysis of the rolling resistance of a hard wheel on a soft surface.
Reproduced from Bekker (1956) with permission of University of Michigan Press.
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(c) Soft wheel on soft surface

Here the wheel (or atrack) is assumed to impose a uniform pressure on the soil which deforms uniformly over
the contact area (as in Figure 4.6(a)) until the contact area times the pressure at the tyre surface is equal to the
weight on the tyre. This pressure may be assumed to be made up of the pressure equivalent to the stiffness of the
tyre carcass and the internal pressure of the air (and the water if used).

Consider the work done in towing such awheel adistance, ¢ against the rolling resistance, R. In simple terms,
if this isequal to the work done on forming the rut as calculated for the plate, length ¢ , width b pressed into the
soil, asin (@) above:

- n+l ¢ (kg + bkf)
Thus the rolling resistance,

R/

. _ (kg + bk¢) [ W ] (n+1)/n
n+1 0 (ke + bkg)
= 1 W (n+1)in
T (n+1) (kb + bkg) U [f ]( ) (4.9)
L . W .
Writing this in terms of the ground pressure p = of gives
R = - b (p) (D) /n (4.10)

(M) + kg

This simple analysis suggests that rolling resistance depends directly (but not necessarily proportionally) on the
weight on the wheel W, and inversely (but not necessarily proportionally) on the length of the contact area, ¢ but

not the diameter of the wheel except in so far asit affects 7 . It also depends in a complex way on the width of
the contact area, b.

For n = 1, which might be considered typical for an agricultural soil (Dwyer, 1984), this equation can be put in
the form of a coefficient of rolling resistance (see Section 4.3.3):

R _= — (4.12)
Zﬁ(gc+ kf)

This equation suggests that the coefficient of rolling resistance will be proportional to the ground pressure and
inversely proportional to the length of the contact area. Hence, for example, improved traction will be achieved
on sandy soilsif pissmall and ¢ islarge, ie, by the use of low pressure tyres.

d) Rigid wheel on a soft surface

Here the problem, as shown in Figure 4.6(b), is more complex because the sinkage and hence the pressure is not
constant over the contact area as was assumed for the uniform sinkage case above. It can be shown (Bekker 1956)
that:
2n+2
é 3w
e— u

&3- nvD

R = - (4.12)
(n+1)(k , +bk )7

Here it will be seen that the rolling resistance is dependent, in a complex way ,on the weight on the wheel as
well asitswidth and diameter compared with the length of the contact patch in the previous analysis.
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Figure 4.8: Rolling resistance of agricultural tyres of different diameter on various surfaces.
Reproduced from McKibben and Davidson (1940) with permission of the
American Society of Agricultural Engineers
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4.3.3 Experimental measurement

Historically the experimental measurement of rolling resistance provided the data for the evaluation of traction
systems. The weight on the wheel, the wheel diameter and / or width and the soil condition were seen as the
most important factors and so the rolling resistance for each type of wheel was expressed in terms of the
dimensionless number:

Coefficient of rolling resistance, r = Rolling res stance force
Weight force

(4.13)

Use of such a coefficient requires that the wheels must be defined in terms of their diameter, width, etc, and soil
conditions be verbally described.

The early work of McKibben and Davidson (1940), as shown (corrected) in Figure 4.8, used this approach. The
intuitive and practical experience that we have of the significance of wheelsrolling on soft surfacesis confirmed
by that graph. There it will be seen that the coefficient for sand and loose soil is some 4 - 6 times that for
concrete and firm soil and that doubling the diameter will halve the coefficient.

4.3.4 Empirical prediction

The empirical prediction of rolling resistance is considered in Chapter 5

4.4 TRACTIVE FORCE

4.4.1 Introduction

A track or wheel generates atractive force by reacting (pushing) against the soil. Any such force involves shear
stresses in, and an associated deformation between the track (together with the soil between its lugs or grousers)
and the underlying soil bulk. For the track as a whole such deformation resultsin slip or lost motion. An
analysis of the generation of tractive force therefore requires a knowledge of the stress - deformation relationship
of the soil.

4.4.2 Shear stress - deformation characteristic for soil

The shear stress - deformation relationship for soils may take different forms depending on the normal and shear
stresses under which they were compacted and their degree of cementation (bonding together of the soil particles).
Bekker (1956) fitted empirical equations to two typical forms and analysed tractive force by integrating them over
the length of the track. Only the simpler analysis applicable to loose and / or non-cemented soil with slowly
rising shear stress - deformation characteristic (as shown in Figure 4.9) will be given here.

The soil shear stress - deformation characteristic for such a soil is assumed to have the following form:

- -j/k
S = Sy (1-eK) (4.14)
where S, = shear strength of the soil and corresponds to shear stress at large deformation
=(c + s tanf)
c = soil cohesion
f = angle of internal friction
S =normal stress
j = shear deformation
k = shear deformation modulus
Hence S = (c +s tanf)(1- ellk ) (4.15)
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Figure 4.9: Typical shear stress/ deformation curve for aloose uncemented soil.
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Figure 4.10: Plot of e’ and §/S from Figure 4.9
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The shear deformation modulus indicates the 'rigidity’ or deformation at which the soil reaches its shear strength
in being sheared. It isacharacteristic dimension and is taken as that at which the shear stress reaches 95% of its
final value (Wills, 1963) as shown in Figure 4.10.

ie. Si = 005 = (1-eilky
max
ellk = 20 ie, {; = In20
k =L (dosdy)

3
Thusk is 1/3 of the deformation corresponding to 95% of the maximum shear stress.

To determinek, it is necessary to measure the shear stress (S) - deformation (j) characteristic for the soil and then
to plot the following against j:

0) Si from experimentally measured results (Figure 4.9, Pudjiono (1998))
max

(i) 1- e7J/K for different assumed values of k, as shown plotted in Figure 4.10.

The modulus k may then be chosen by inspection according to the value corresponding to that graph (ii) which
best fits (i). Other methods are discussed by Wills (1963).

4.4.3 Analysis of locked track

Consider arigid, inextensible track as shown in Figure 4.11 standing on a soil with strength parameters,
cohesion (c) and angle of internal friction (f ) and with a rising stress - deformation characteristic, as given in
Figure 4.9. Assume track grousers of width b, length / and carrying a weight W, are engaged in the soil.

If the track is locked, the maximum tractive force that the track can generate will be the maximum force the soil
can resist.

Hmax = Area Smax
= b/(c+stanf)
= b/lc+b/ stanf
Hmax = Ac+Wtanf (4.16)

This neglects any contribution of the soil being sheared at the end of the grousers.

Hax represents the absolute maximum capacity of the track at large soil deformation corresponding

(approximately) to 100% slip. According to this simple theory, it is an upper-bound value that may be
approached but never exceeded.
This equation impliesthat H, ., depends on:

() the area of the track which contributesto H,,, through the cohesive strength of the soil
(i) the weight on the track which contributes to H, ., through the frictional strength of the soil

Dividing by W gives, in asimilar way to Equation 2.15,

A Hmax ¢
y = W —V_V+tanf
A
c
= 5 + tanf (4.17)

wherey 'isa'gross tractive coefficient.
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(iii)

Figure 4.11 Operational parameters for atrack showing the variation along the track of:
(i) normal stress,s; (ii) horizontal deformation, j; shear stress, S.
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Problem 4.1
Figure 4.12 shows a crawler tractor standing (a) on level ground and (b) on aslope.

The following data apply:

Track - soil contact length 4 =12m
Track width (total for two) b = 0.6m
Tractor mass \W = 24T
Soil cohesion c =15kPa
Soil angle of internal friction f =300
Angle of slope a =150

Estimate the capacity, H, of the tractor as an anchor and the gross tractive coefficient,y ;
assume that the normal stress under the track is uniform.

Solution (b):
Resolving along the slope:
H cosa + W sina = Ac+ (W cosa - H sina ) tanf
H cosa + H sina tanf = Ac+ W cosa tanf - W sina

_Ac+ W(cosa tanf - sina) _12x06x15+235 (cosl5 tan30 - sinlb)

H (co:a + sina tanf) (cos15 + sinl5 tan30)
=16 kN
_ H _ 16 _

y ~Wocom - Heina 186 _ 080

Answers: (a) 24.4,1.04

Repeat for other arrangements where H is neither along the slope nor horizontal.

Problem 4.2

A rubber wheel carrying aload W of 5.4 kN has an effective ground contact area A of 0.09 m? over which the
pressure may be assumed to be uniform. The soil and rubber / soil strength characteristics are shown in Figure
4.13

What is the maximum pull which can be generated by the wheel if:
(i) thewhee has lugs which engage the soil?
(i) thelugsare removed?

Solution (i):
_54 _
S =009 -0 kPa
Hmax = tractiveforce at the contact area
=36 x 0.09
=3.24 kN

Alternatively the strength of the soil may be calculated as Ac + W tanf .
Hmax = 0.09x 20 + 5.4 x 0.267 = 1.8 + 1.44 = 3.24 kN

Answer (ii): 1.57 kN
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SONE0
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Figure 4.12: Tractor as an anchor in Problem 4.1
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Figure 4.13: Soil and rubber characteristics for Problem 4.2
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4.4.4 Analysis of track with slip (Bekker, 1956)

Consider the track in Figure 4.11 being driven over a soil surface while developing a drawbar pull = tractive force
H. The rotation of the track is such that alength of track equal to the track wheel centre distance (¢) islaid out;

thisis equivalent to afraction of arevolution. Before the track moves an element of soil at its front will have
zero deformation; after the track has passed over it will have afinite value, jiyax-

From Equation 4.2 above,

-m

m
Track dlip, i =
Mo

For no tractive force, the movement of the track forward will be equal to the wheel centre distance, ie. my = ¢

With tractive force the movement of the tractor = m

But since the track is inextensible, the deformation must grow linearly from front to rear as shown in Figure
4.11.

i = ix (4.18)

Tractive force is the sum of the contributions of the shear stress (times the corresponding area) for al the
elements of soil along the track :

¢
H = bf Sdx
0
¢
= bc+stanf) B - ik dx
0

wheres (X) representss as a function of x.

If it isassumed that s is constant, ie, independent of X,
1

bc+stanf) B(1- ek dx
0

I
I

| .
=  b(ct+stanf) Q- e XK

0

) dx

K i ¢
= b(c+stanf)[x+Te'X/k]0

= b(c+stanf)[£+ii—( e'w/k+ii—(]
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Figure 4.14: Slip function, X versusi//k; reproduced from Reece (1967) with
permission of the Institution of Agricultural Engineers.
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= bé(c+stanf)[1—5 +5 etk ]

= (Ac+Wtanf) [1-5 +§ etk ]

= Hopax - X (4.19)
where X = dlip function for assumed constant normal stress.
N P S G 1/
= [1 St e ] (4.20)
) ) ) R T o ) ) i0
The slip function X is shown plotted against xm Figure 4.14. Thisisadlip - tractive force graph whereF is

a'standardized dlip' and X is the corresponding function giving H in terms of Hyp o

The following terms are significant in the contributions that they make to the tractive force.

(i) candtanf: the soil strength parameters contribute to H through their contribution to Hyy ..

(i) A (=b.?): thetrack area contributesto H through the contribution of the cohesive component of
the soil strength to H,.. ; it will be proportional to A for a purely cohesive soil for which f = 0.
(iii) W (= b.r.s): theweight contributesto H through the contribution of the frictional component
of the soil strength to H,,,, . ; it will be proportional to W for africtional soil for which ¢ =0.
(iv)  ¢:thetrack length contributes to H through its contribution to track area as explained above. It

also contributes as it appears in the slip function in a way that causes an increase in X as length
increases; thus track length has significant effect on H in addition to its area effect.

(v)  k:decreasing the horizontal deformation modulus (having a more rigid soil that reaches its
maximum shear stress at lesser deformations) has the effect of increasing H by causing an increase
inX.

(vi) i:increasing the dlip increases the deformation and the associated shear stress, which has the effect
of increasing X and H.

The above analysis may be extended to awheel if it is assumed that the pressure under the wheel is constant.
The area of the contact patch may be assumed to be 0.78 b /.

4.5 DRAWBAR PULL

The above gives the tractive force - slip relationship for atrack or wheel. Itisclear that it also gives the basic
form to the drawbar pull - dip relationship for the performance of tractors measured in the field where the drawbar
pull iswhat remains of the tractive force after the rolling resistance has been overcome.

Fig. 4.15 shows the comparative performance of the same basic tractor (New Fordson Major) with different wheel
equipment, viz, two wheel drive (2WD) , four wheel drive (4WD) and tracks on cultivated (loose) and stubble
(firm, rigid) soil (Anon., undated).

From these resultsit is clear that the following give reduced dlip and increased drawbar pull:

(i)  tracks compared to 2WD on cultivated (loose) soil which shows the effect of area and length of contact
patch and of weight

(i)  trackson stubble (firm) compared to cultivated (loose) soil which shows the effect of soil strength and
rigidity (deformation modulus)

(iii)  4WD compared to 2WD on cultivated (Ioose) soil which shows the effect of area and weight.
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Figure 4.15 Comparative slip - pull performance of two wheel drive, four
whed drive and tracked tractor. Reproduced from Anon. (undated) with
permission of Silsoe Research Institute.
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Figure 4.16: Tractive force, actua and predicted drawbar pull for Problem 4.3
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As noted above, R is usually measured or predicted on the assumption of zero slip. An increasein slip associated
with anincrease in H will mean that the prediction becomes less accurate because the above assumption will be
increasingly invalid.
Hence the prediction of P using Equation 4.5:
P =H-R (4.5

will also become less accurate as shown in Problem 4.3, Figure 4.16.

Problem 4.3

Figure 4.16 shows a plot of measured wheel slip - drawbar pull datafor a small crawler tractor tested on soil.
The following data apply:

Tractor: Soil (assumed):
Weight, W = 3800kg Soil cohesion, c = 15kPa
Track length, ¢ = 1.65m  Soil angleof friction, f =300
Track width, b 0.35m  Soil deformation modulus, k =0.02m

Rolling resistance, R 2.5kN

Calculate the theoretical wheel slip - drawbar pull performance and plot it on the graph with the performance
from the actual test.

Hmax =Ac + Wtanf
= 2x0.35x1.65x15 + 3.8x9.8xtan 30 = 38.8 kN

il
For appropriately chosen values of i, calculate X hence X from Equation 4.20 or read from

Figure 4.14. Caculate H from Equation 4.19 and P from Equation 4.5 above. The results are shown
plotted in Figure 4.16

4.6 DRAWBAR POWER
4.6.1 Wheel-slip - drawbar power characteristic

While the wheel-dlip - drawbar pull graph above is the main performance characteristic for atrack (or wheel) the
user is, however, usually more concerned with work rates, ie, drawbar power. The drawbar power - dlip results (of
the tractor tests shown in Figure 4.15) have been plotted in Figure 4.17 and show that there is an optimum slip
that gives a maximum drawbar power. Since all of these tractors had the same engine power, Figure 4.17 also
shows (in relation to maximum drawbar power) how significant the soil condition is (track - stubble compared to
track - cultivated) and also wheel / track contact area and weight are (track compared to 2WD and 4WD each for
cultivated soil).

Figure 4.17 aso shows the much greater power obtained from the track (and to alesser extent the 4WD) due to
the larger drawbar pull that can be achieved without excessive slips and the losses in power that are associated
with them.

The wheeldlip - drawbar power characteristic may be plotted from experimental data as shown in Problem 4.4.
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Figure 4.17: Comparative power — dlip performance of two-wheel drive,
four-wheel drive and tracked tractor. Reproduced with permission of
Silsoe Research Institute
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Figure 4.18 Slip- drawbar power - drawbar pull performance for Problem 4.4

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan




4.26

Problem 4.4
Figure 4.18 shows the track dlip - drawbar pull graph for atracked tractor. The following data apply:

Diameter of track =0.85m

Engine speed = 1760 rpm (assumed constant)
0 =L
Overall gearratio = 65
Plot:
(i) drawbar power versus drawbar pull
(it) drawbar power versustrack dip, hence
(iii determine the conditions for maximum power
. _ _3.14x0.85x 1760 _ .
Linear speed of track Vo =p DN = 65 x 60 = 1.2m/s (Equation2.1)

Travel speed, V = 1.2 (1-i) wherethedlip, i isread from Figure 4.18 for various drawbar pulls
Drawbar power, Q = P.V asplotted in Figure 4.18

The maximum power of 28 kW is achieved at a drawbar pull =26 kN and track slip =11 %

4.6.2 Theoretical prediction of optimum wheel-slip

The performance of atrack may be best characterized by the drawbar pull and slip at maximum drawbar power;
this may be predicted as follows (Reece 1967).

From Equations 4.5:

P =H-R
= (Ac + Wtanf) X - R (4.21)

Drawbar power:

Q =PV
But from Equation 2.6

\Y = Vg (1)

Q =V,@-i) [(Ac + Witanf) X - R] (4.22)
where V, = tractor wheel speed.

In order to determine the slip for maximum drawbar power by differentiation, it would be necessary to know R
as afunction of glip. Thisis not available so an aternative is to neglect the influence of R relativeto H and to
calculate slip for maximum tractive power Q’, ie, obtain a maximum for:

Q =H.V

V(- 0) (Ac + W tanf) X

. k k _ir/k
Vo (1-i) (Ac + W tanf) [1 AT eifl]

VO(Ac+Wtanf){[1-5 +% e‘Wk]-[i gﬁ+|7f e‘Wk]}
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Figure 4.19: Optimum wheelslip as afunction of track length/deformation modulus.
Reproduced from Reece (1967) with permission of Institution of Agricultural Engineers.
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Figure 4.20: Drawbar power - wheeldlip performance of atractor on soil in different conditions.
Reproduced from Hutchings (1980) with permission of Department of Natural Resources and Environment (Vic)

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan




4.28
Differentiating this with respect to slip gives:

@ _ L S 1/ . S /'S B P
i Vo (Ac + W tanf){[izf T € 2, eltk] -[1-e ]}
= 0
. k i k 1
ie, = 4 elllkk 1.2 _.27-1 =0 4.23
i2¢ - -7 (“.23)

Reece gives the numerical solution to this equation in Figure 4.19 and uses it to give, in terms of the ratio //k,
an approximation to the dlip i”, at which maximum drawbar power is obtained.

This relationship suggests that the slip i”, at maximum drawbar power (strictly maximum tractive power)
decreases.

0 as k, the deformation modulus decreases, ie, the soil becomes more rigid and approaches its maximum
shear stress at smaller deformations

(ii) as, thelength of the contact area, increases

The drawbar power - slip results (of the tractor tests shown in Figure 4.15) which have been plotted in Figure
4.19 confirm this prediction, viz:

(i)  thetrack reaches maximum drawbar power at smaller slips on rigid stubble than on the loose cultivated
soil;

(i)  thelonger track reaches maximum power at a (very much) smaller slip than does the shorter wheel (both
on loose sail).

As another example Figure 4.20 shows the graph of drawbar power versus slip for a Deutz 2WD tractor tested on
soil in three conditions (Hutchings, 1980). Again the drawbar power is reached at lower slips on the uncultivated
(more rigid) soil than on the dry cultivated (loose) soil and both than on the soft, wet, cultivated soil.

The optimum dlip (i') obtained from Figure 4.19 can be used, together with an appropriate rolling resistance , to
calculate the maximum drawbar power.

= Vo@-1)[(Ac + W tanf) (1 + & el - R] (4.24)

Qmax i'?

The setting up of the tractor to operate at this or other condition is discussed in Chapter 7.
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Figure 4.21: Tractor showing normal stressincreasing linearly from front to rear as
in Problem 4.6. Reproduced from Wills (1963) with permission of Elsevier Science.
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4.7 GENERAL PROBLEM

4.30

Problem 4.5 (Wills 1963)

Develop an expression for the tractive force - slip relationship developed by atrack of width b, length ¢ and total

weight W, operating on africtional soil, if the normal stress increases linearly from zero at the front to g
maximum at the rear as show in Figure 4.21.

Assume s = ax

where ais a parameter to be determined. The requirement for vertical equilibrium is that:

14
w = abé X dx
o}
2
X
= an[F g
b2
Hence
a _ 2W
b (2
W
b/
s = s tanf (1-e 1K)
= &g x tan f (1—e'j/k)
b/
From Section 4.4.4
14
H = b8 s dx
0
2W : ,
= = tenf O x(1-e 7% dx
0
Substituting j = ix and integrating gives
- M X2 Xk _iX/k k k 'iX/k f
H = thanf[Z +i'e _i(_ie )]0
k - v
= Wenf [1-2(5)2(1- itk - - elillk]
Problem 4.6

Plot the tractive force - slip graph for the track in Problem 4.5 using data from Problem 4.3. Compare the

answer's.
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CHAPTER 5

TRACTOR PERFORMANCE ON SOFT SURFACE - EMPIRICAL

5.1 INTRODUCTION
5.1.1 General

In Chapter 3 we considered the experimental evaluation of the 'ideal’ performance of the tractor in terms of the
engine and the tractor operating in various gears on a firm surface. While this shows the influence of those
elements and is valuable for comparative purposes, it is of limited use in showing the performance on soft
surfaces or for predictive purposes.

In Chapter 4 we considered the theoretical analysis which is conceptually correct in the way that it calculates the
performance of the tractor as determined by the capacity of the surface to generate a reaction. However this
approach has two difficulties associated with the measurement of the surface properties.

Firstly, it requires the measurement of six properties of the soil; three (cohesion, angle of internal friction and
the deformation modulus) for the prediction of the tractive force and a further three (two sinkage moduli and an
exponent) for the prediction of the rolling resistance. These require complex facilities and are likely to be time
consuming if representative samples of the properties over an area are to be obtained.

Secondly, in general, agricultural soils are in a structured state in which the bonds between the soil aggregates
areintact. Prediction of tractor performance in the field, based on the above properties, requires that the latter be
measured with the soil in this undisturbed state. If the soil is disturbed during the sampling process for
laboratory determination of the properties (as it is likely to be) the measured values of both cohesion and
deformation modulus will be affected.

It is hot possible to recreate undisturbed conditionsin the laboratory after a soil has been disturbed and hence
in-situ methods of measuring undisturbed soil properties have been developed (Baladi, 1987).

5.1.2 Empirical method

The alternative to experimental measurement or to a theoretical analysis that is adopted in many engineering
fields is the so-called 'empirical’ approach. This is based on a series of experiments that includes the major
variables or groups of variables. From these a set of predictive equations is developed, often using techniques of
dimensional analysis (Langhaar, 1978).

These equations can replace much experimental work, alow designs to be tried 'on the drawing board' and
answer ‘what if . .. .? "' questions. The designs and the answers are of course only as good as the choice of
variables, the experimental data and the fit of the equations that are based on them.

The empirical approach (now frequently termed (computer) modelling) has proved to be useful in many
complex engineering problems. It provides a ready and useful means of performance prediction for the tractor
but it is not suitable as a basis for understanding the fundamentals of the processes involved. It has mainly been
applied to the tractive processes but it may also include the engine and so provide a basis for predicting the
performance for the tractor as awhole.

5.2 ENGINE PERFORMANCE M ODELLING

Persson (1969) developed an equation for modelling engine performance based on power, speed, swept volume
and heat value of the fuel, together with two constants estimated from the test data. However for an engine of
giventype and swept volume his equation can be reduced to the form given by Huynh and Brown (1981).

FC = AQ+BN? (5.1)

A and B are constants which can be determined if the fuel consumption, engine speed and power are known for
two points on the performance characteristic for the engine.

With reference to the performance of the Farmland tractor as shown in Figures 3.2 and 3.3, consider two points
on the performance characteristic at maximum governor setting as follows.

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan




52

Point 1 Point 2
Engine speed, N, rpm = 2390 2250
Engine power, Q, kW = 0 335
Fuel Consumption, FC, kg/hr = 2.8 9.0

Substituting values for point 1 in Equation 5.1, gives

Substituting values for point 2 in Equation 5.1, gives

FC-BN2  9.0-4.9x 1077 (2250)2
= Q = 335 =0.19

Thus fuel consumption, FC = 0.19 Q + 4.9 x 10"/ N2 (5.2)

Problem 5.1

Using Equation 5.2, estimate the fuel consumption for the Farmland tractor for engine power, Q = 15 kW and
engine speed, N = 1600 rpm. Compare the answer with the measured value as shown in Figure 3.4.

For Q = 15 kW and N = 1600 rpm, from Equation 5.2,

FC=0.19x 15+ 4.9x 1077 x 16002 = 2.85 + 1.25 = 4.1 kg/hr
From the specific fuel consumption lines on Figure 3.4 for Q = 15 kW and N = 1600, SFC = 250 g/kWhr.
Measured FC =250 x 15 = 3.8 kg/hr

The predicted value is within 8% of the measured value which is about the accuracy that can be expected with
the empirical approach.

5.3 TRACTIVE PERFORMANCE MODELLING
5.3.1 Parameters

In the empirical prediction of tractive performance, only one soil parameter is measured for the prediction of
both tractive force and rolling resistance. This parameter, known as the 'cone index’, is not dependent on the
measurement of deformation or sinkage as is required in the determination of the respective moduli in the
theoretical approach.

Its measurement, being so simple, allows arapid survey of the area of interest and incidentally reveas the great
variahility that frequently exists in both time and place, particularly due to the variation in soil texture and the
effect of moisture content.

The development of the algorithms that constitute the tractive model requires an extensive series of
measurements of cone index and corresponding tractor performance as reported by Frietag (1965), Wismer and
Luth (1974), Gee-Clough et a (1978) and Parkhill (1986).
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Figure 5.1: Cone penetrometer for measurement of soil parameter
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Figure 5.2: Variation of coefficient of rolling resistance with mobility number.
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(a) Coneindex

The soil parameter for empirical prediction of tractive performance is based on the force (kN) to push a circular
cone (base area = 0.5 in2; 322 mm?) shown in Figure 5.1(a) into the soil at a constant speed of 72 in/min (30
mm/sec) (ASAE, 1998).

The parameter, termed the cone index is given by,

_ Force on cone
Cl = Baseaeaofthecone KPa (5.3

The passage of the cone into the soil is resisted by the normal and soil - metal resistance forces as suggested in
Figure 5.1(b). These in turn will depend on the strength and compressibility of the soil and soil / metal sliding
characteristics of the cone surface all of which will depend on the soil texture, moisture content, etc.

The cone index does not therefore represent a soil 'property’ as such but a complex and ill defined parameter or
measure of soil 'strength’ and deformability; it is assumed to be a correlate for tractive force and rolling
resistance.

Typica values of coneindex are given by Dwyer (1976) as shown in Table 5.1.

Surface Condition Cone Index, kPa
Dry grassland 1500
Dry stubble 1000
Wet stubble 500
Dry loose soil 400
Wet loose soil 200

Table 5.1: Soil cone index for various surface conditions. Reproduced from Dwyer et al (1976) ,
with permission of Silsoe Research Institute.

Theinteresting aspect of thistable isthat it is based on:
(i) soil ‘condition’ as represented by the terms loose, stubble (implying moderately firm) and grassland
(implying firm)
(i) moisture condition asimplied by the terms dry and wet

Soil texture is not specified because the above variables are seen to have the most significant effect on cone
index.

(b) Mahility humber

The early work on the empirical prediction of the performance of wheels on soft surfaces was carried out by
Frietag (1965) in a military context. In this approach, dimensional analysis was used to effectively reduce the
number of variables and so simplify the prediction equations.

Thiswas applied to wheels on agricultural soils as reported by Wismer and Luth (1974) also Dwyer et a (1976).
The latter authors used the cone index to calculate a dimensionless, tyre mobility number:

_Clbdd _d

M W Vhd+0.5b ©4
where M = mobility number
Cl = cone index, kPa
w = weight on tyre, KN
b,d, h =tyrewidth, tyre diameter, tyre section height, m
d = tyre deflection under weight W, m

They also established the empirical relationships (for soft surface conditions) between tyre mobility number and
the performance parameters discussed in the following sections.
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Figure 5.3: Effect of surface/ soil condition on rolling resistance of wheels of the Farmland tractor.
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Figure 5.4: Variation of tractive coefficient with wheeldlip for three surface conditions
for the drive wheels of the Farmland tractor.
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5.3.2 Prediction of performance measures

In the following sections the various measures of performance have been plotted for the range of cone index
values over which the predictive equations apply. These range from 200 for loose wet soil to 1500 for dry firm
grassland (Table 5.1). They are based on the mobility number using the static weights on the wheels in Equation
5.4; a second iteration based on the dynamic weight gave no significant difference in the results.

(a) Roalling resistance

The following equation was fitted to the rolling resistance data by Gee-Clough et al (1978).

0.287
r =0.049+—\ (5.5

Thisis shown plotted in Figure 5.2 and shows how the coefficient increases significantly for small values of M
(Equation 5.4) and hence for:

0] small values of CI - soft surface

(i) small values of d - small diameter tyre

(iii) small values of b - narrow tyre

(iv) small values of d/h - &tiff tyre

(V) large values of W - large weight

It also shows how the rolling resistance coefficient approaches a value of about 0.05 for firm surfaces (large
values of M and hence of Cl, d and b etc).

The rolling resistance is then calculated as the product of this coefficient and the dynamic weight on the tyre as
discussed in Section 4.3.3

R=Vr (5.6)
Figure 5.3 shows by way of example the rolling resistance for the two rear and two front wheels of the Farmland
tractor when operating without drawbar pull on surfaces with a range of cone index values. The values of rolling
resistance also represent the power lossin kW for each metre / second of travel speed.

Empirical datafor rolling resistance of various tyres carrying various weights are given in Dwyer et a (1976).

It is interesting to note that here, as in Chapter 4, no account is taken of the effect of wheelslip on rolling
resistance.

(b) Tractive coefficient®

The following eguations, which were fitted to the traction data by Gee-Clough et al (1978) are equivalent to
Equation 4.21.

Y =ymax(1-eK) (57)

0.92
where Ymax =0.796-7~ (5.8)
k =4.838+0.061 M (5.9)

Figure 5.4 shows the variation in this tractive coefficient with wheeldlip calculated for the Farmland tractor from
Equations 5.7 t0 5.9.

Y Inthe literature this tractive coefficient (represented here asy ) is based on the 'net tractive effort’ or the pull
generated by the driving wheels, ie, the tractive force less the rolling resistance of those wheels as defined in
Equation 4.5. The drawbar pull for the tractor requires the subtraction of the rolling resistance of the front wheels
asin Equation 5.10
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(c) Drawbar pull

The drawbar pull for the tractor is then calculated from the tractive coefficient for various wheeldlips less the
rolling resistance of the front wheels.

P=V,y - Virg (5.10)

It is shown in Chapter 6 that the dynamic weight on the front wheels (V) and rear wheels, (V) are afunction of
P, the corresponding static weights W, W, and the dimensions of the tractor. Thus

Vr:Wr+P%

VfZWf-P%

Substituting in Equation 5.10 gives
yWr -1 Wi
P= . (5.11)
1-x(y+ry)

Figure 5.5 shows the variation in drawbar pull with wheeldip for the Farmland tractor for three surface
conditions.

(d) Drawbar power
The drawbar power is then calculated from the drawbar pull and the travel speed as in Equation 2.6.
DB power =PV

=P Vo (L)
:Pﬂ%ﬂﬂrn (5.12)

Figures 5.6 and 5.7 show the variation in nominal drawbar power with drawbar pull and wheeldlip for the
Farmland tractor in 5th gear and an assumed constant engine speed of 2250 rpm. Again the performance is
shown for three surface conditions.

It will be noticed that the maximum drawbar power and the wheeldip at which it occurs are both dependent
significantly on the surface condition.
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(e) Tractive efficiency

The tractive efficiency is based on an equation of the form given in Equation 2.10.

P
ht = pFR (1)
For the tractor as a whole this includes the rolling resistance of the front wheels. Substituting for P and R from
Equations 5.6 and 5.10, respectively gives:

_ Vry -Virg _
ht R\ ERADENATEAATIGE,

P
= W (2-1) (5.13)

Figure 5.8 shows the variation in tractive efficiency with wheeldlip for the Farmland tractor for the three surface
conditions. Thiswill be the same for all gears (speeds) because Equation 2.10 isindependent of speed.

Again it will be noticed that:

0) the maximum tractive efficiency and the wheeldlip at which it occurs both depend significantly on the
surface condition.
(i) the wheeldlip at maximum tractive efficiency is much less than that at maximum drawbar power.
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5.4 TRACTOR DRAWBAR PERFORMANCE?

When the empirical models of the engine and the tractive process are combined we obtain a set of graphs
representing the drawbar performance of the tractor as a whole. These may be plotted in various ways to
illustrate aspects of the performance that are of interest; in the following, the various measures of performance
are plotted against drawbar pull as the independent variable.

5.4.1 Performancein various gears

Figure 5.9 shows the results of an analysis of the performance of the Farmland tractor at maximum governor
setting with maximum ballast (6kN) on firm grassiand (Cl = 1500 kPa) . Where applicable, the corresponding
envelopes of performance, as discussed in Section 2.2.5, are also included. The graphs have been truncated in the
full fuel range for clarity, For the cone index and weight values considered, three of the gears are limited by
engine torque and five are limited by wheeldlip.

Figures 5. 9 () - (c) show the graphs of travel speed, drawbar power and tractive efficiency versus drawbar pull.
There is only a single graph for wheeldlip and tractive efficiency because it is assumed that the travel speed and
power losses due to wheelslip and rolling resistance are independent of speed and hence gear.

Figure 5.9 (d) and (e) shows the graphs of fuel consumption and specific fuel consumption versus drawbar pull.
The shape of these graphs is consistent with that which would be expected on the basis of the simple theoretical

analysis (for torque limited gears) given in Chapter 2 and the experimental results given for all gears when the
tractor istested on afirm surface as given in Chapter 3.

2 The assistance of Mr. G. Parkhill in providing the data and algorithims for this section is gratefully
acknowledged.
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Figure 5.10: Power distribution to drawbar and losses for Farmalnd tractor in 5th gear with 6kN ballast;
(a) and (b) for soil, Cl = 1500 kPe; (c) and (d) for soil, CI=200 kPa
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5.4.2 Distribution of power components

Another interesting way to illustrate the performance of the tractor is to calculate the distribution of the
components of the total engine power and plot them in absolute and percentage terms. Figure 5.10 (a) and (b)
shows this for the Farmland tractor at maximum governor setting with maximum ballast (6 kN) operating in 5th
gear on asurface with Cl = 1500 kPa (firm grassland). Power losses in the transmission were assumed to be 4%
of the total power being transmitted.

Figure 5.10 (c) and (d) shows the distribution for the tractor in the same condition but with soft, wet surface for
which ClI = 200 kPa. For this gear on both surfaces, the tractor performanceis limited by wheelslip.

0]

(i)

(iii)

Power losses due to wheeldlip, which arise from the relative motion of the wheel and ground surface,
increase as the drawbar pull increases from the defined zero value at zero drawbar pull to 96% for the
maximum sustained pull when the wheelslip is 100%.

In terms of the empirical model, the rolling resistance force for both front and rear wheelsis assumed to
be constant (neglecting the effect of weight transfer); no account is taken of the effect of wheel sinkage
due to wheelslip on the rolling resistance of the rear wheels. These power losses therefore decrease as
the travel speed decreases due to increased wheedlslip. They are a large percentage of the total losses at
small drawbar pulls particularly for soft surface.

After losses are considered, the remaining power appears at the drawbar. It reaches a maximum when
the increase in drawbar power due to increased drawbar pull just balances the increase in power losses
mainly due to the increase in wheeldip. The drawbar power, expressed asa % is, in effect, the tractive
efficiency; this reaches a maximum at a lower drawbar pull and wheeldlip than does the absolute value
of drawbar power.

The greater drawbar pull, the smaller power losses and the increased drawbar power that the tractor develops on
the firm surface (a) and (b), compared to that on the soft surface (c) and (d), can be seen.

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan




5.15

14 25
21\
= \ 250 A
£ 10 \ =20
= 200 \ \ 1500 & _ |
g 8 510
2 \ \ o
NN
g RN =
s’ ) AN :
[l 5 . o 51
036 | | \ ‘
0 $ 0O+
(0] 5 10 15 20 0] 5 10 15
Drawbar pull, kN @ Drawbar pull, kN ©
80 80
1500 T
70 i o 70 1 ~ S~
X
50 [ % 60 7 3\\
Hlosol| 221 77 =0 \\\
Sommn// e NREIE Y Zm\
IS/l N
>
= b0 4200 / /f/// 1500 2 o 036
©
e 10
0 o+
(0] 5 10 15 20 0 5 10 15
Drawbar pull, kN (b) Drawbar pull, kN (d)
1000
£
I\
< 800 \\\
< 200 / 0 3 6
g 600 1 Q}éé// )/ Figure5.11 Drawbar pgrformanceenvelopesfor
© S Farmland tractor on soils, Cl = 200, 500, 1500 kPa;
3 400 1 - — ballast = 0, 3, 6 kN. Some graphs omitted and
© truncated for clarity.
S 200
(]
Q.
wn
0
0 5 10 15 20
Drawbar pull, kN ©

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan




516

5.4.3 Effect of surface and weight

The graphs in Figure 5.9 show in detail the performance of the tractor in various gears and the envelopes within
which the tractor works. The influence of weight and surface condition on performance can be adequately shown
by omitting the detailed performance in the gears and considering only the performance envelopes.

Figure 5.11 shows the graphs of travel speed, wheelslip, drawbar power, tractive efficiency, drawbar specific
fuel consumption versus drawbar pull. Three values of cone index (Cl = 200, 500, 1500 kPa) and 3 levels of

added weight (0, 3 and 6 kN). Some of the graphs have been truncated and others at 500 kPa have been omitted
for clarity.

(a) Drawbar pull

0) Surface condition and, to alesser extent, weight have a significant effect on the maximum drawbar pull.

(b) Travel speed and wheeldlip
(1) Surface condition has a significant effect on travel speed and wheeldlip at al drawbar pulls.

(i) Weight has a small effect on travel speed except at high drawbar pulls. Its effect on wheeldip is
significant at all drawbar pulls.

(c) Drawbar power and tractive efficiency

(1) Surface condition has a significant effect on maximum power and maximum efficiency.

(i) Weight has:
* anegative effect on maximum power and maximum efficiency for al surface conditions in the higher
gears and lower wheeldlips where rolling resistance losses predominate.
* apositive effect on maximum power and maximum efficiency for al surface conditionsin the lower
gears and higher wheedlips where these losses predominate.

These effects are illustrated by the fact that:

* for gears giving maximum power and efficiency at drawbar pulls less than about 7 kN, ie higher
gears, adding weight decreases the maximum power and maximum efficiency.

* for gears giving maximum power and efficiency at drawbar pulls greater than about 7 kN, ie lower
gears, adding weight increases the maximum power and maximum efficiency.

(iii) Surface condition and weight influence the drawbar pull at which maximum power and maximum
efficiency occur.

(d) Drawbar specific fuel consumption

0] Cone index has a significant positive effect (reducing SFC), particularly at high drawbar pulls.

(i) Weight has a
* a negative effect (increasing SFC) for all surface conditions in the higher gears and lower drawbar
pulls.
* a positive effect ( decreasing SFC) for all surface conditions in the lower gears and higher drawbar
pulls.

These effects are associated with the performance described in (c) (ii) above.
(iii) Surface condition and weight influence the drawbar pull a which minimum SFC occurs.
It will be seen from the above that surface condition has the major effect on tractor performance. Optimum
performance will be achieved when the tractor is set up with tyres of a size and with aweight that minimizes the
losses from both rolling resistance and wheeldlip.
The other factor which is not shown by the above is the need to avoid excessive soil compaction. If additional

weight is required for tractive purposes, fitting larger tyres, which allows a greater weight to be carried without
excessive surface pressure, will usually be desirable.
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5.5 CONCLUSION

Asiillustrated in the above examples, empirical modeling provides a powerful analytical tool to investigate the
relationships between the tractor parameters and the performance variables. Further experimental work and
development of the models will improve their capabilities and provide the user with further assistance in setting
up the tractor. This requires consideration, not only by the appropriate tractor parameters but also the choice of
implement size to give the appropriate drawbar pull. These matters are discussed in Chapter 7.

Performance models which use data in rea time from an operating tractor and a local or global positioning
system are now available (Yule, et a, 1999). These will allow the operator and / or the control system to 'learn’
from its previous 'experience and so develop strategies to achieve optimum performance under varying
conditionsin the field.

Problem 5.2
Determine the model parametersfor alocal tractor and plot its performance as described above.
Repeat the analysis for the tractor with:

(i) smaller tyres
(it) larger tyres
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6.1
CHAPTER 6

HITCHING AND MECHANICS OF THE TRACTOR CHASSIS
6.1 INTRODUCTION

It was shown in Chapters 4 and 5 how the weight on the wheels of a tractor determines its tractive force and
rolling resistance, hence its drawbar pull and tractive efficiency.

Thisweight depends on;

(i) the static forces, viz,
* the weight of the tractor
* that part of the implement weight (if any) that is carried by the tractor

(ii) the effect on the tractor of the dynamic forces arising from the action of the implement, viz,
* draught (horizontal) force(s)
* vertical force(s)

In designing and using the tractor - implement system, it is desirable to take advantage of al these forces to
increase (and control) the weight on the tractor wheels while still ensuring the satisfactory performance of the
tractor and the implement. For a given optimum weight on the wheels, the more that is provided by the dynamic
effects, the less that has to be provided by the static weight. The three-point linkage system introduced by
Ferguson, which made significant use of the dynamic forces on the implement to provide weight on the driving
wheels, allowed the introduction of avery light tractor. This feature is now used on most small to medium sized
tractors.

Before considering the mechanics of the tractor chassis we need to review the methods of hitching (attaching)
implements to the tractor as these have a significant influence on how the implement forces determine the
dynamic weight on the tractor wheels. The following gives a brief review of those aspects of implement hitching
that are relevant to the performance of the tractor. Other details of the various systems may be found in the
references at the end of this Chapter.

6.2 IMPLEMENT HITCHING
6.2.1 Introduction

The hitching of implements and the mechanics of the chassis may be studied by considering two perpendicular
planes:

() the vertical longitudinal plane down the centre line of the tractor in which we consider the symmetrical
forces such asthe weight , the wheel reactions and the direct effect of the implement forces.

(i)  the horizontal plane where the moment effect of the implement forces which are not symmetrical (eg,
unsymmetrical or off-set implements and all draft forcesin turning) will affect the attitude and steering of
the tractor. These influence the operation of the tractor but are not relevant to the normal (straight ahead)
performance of the tractor; they will not be considered further in this book..

The hitching of implements to tractors may be made in various ways and places. For this purpose the tractor has
one or more standard attachment locations at the rear and for some tractors at the front, in the form of:

()  linkages for 'adjustable’ attachment; adjustment in the vertical plane is usually made by means of an in-
built hydraulic (hydro-static) pump driven by the tractor engine.

(i)  drawbars for fixed' attachment; adjustment is made manually or with 'external’ or ‘'remote’ hydraulic
cylinders supplied with oil from the in-built hydraulic pump in the tractor.

The standard hitching systems may be classified as follows.

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan




6.2

. |
°:>°—‘®i©— ()

N

Figure 6.1: Trailed (one point) implement hitches (a) without and (b) with vertical force.

Figure 6.2: Semi-mounted hitch where the front of implement is carried on a horizontal pivot.
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Figure 6.3: Fully mounted, rear three-point linkage hitch.
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6.2.2 Hitching systems

(a) Trailed - one point hitch

Here the implement is attached to the tractor at one (drawbar) hitch point. This represents the simplest
arrangement, but it provides a minimum in the way of implement control and weight transfer. The implement,
which is usually carried on wheels (for support and / or depth control), is free to move in both the horizontal and
vertical planes asit follows the varying ground surface.

Two common arrangements can be identified.

(i)  wherethe implement is fully carried on its wheels and its drawbar is pivoted at both ends; the implement
forceis essentialy horizontal, Figure 6.1 (a).

(ii)  where the front of the implement (such as in an unbalanced trailer or similar two-wheeled implement) is
carried on the tractor drawbar and the rear on a wheel or wheels, Figure 6.1(b). There is usualy a
significant static vertical component in the implement attachment force and hence the weight transfer
from implement to tractor rear wheelsis greater thanin (i) above.

The trailed hitch is least effective in terms of both weight transfer and implement control when compared with
other systems (see Section 6.4.3). The former weakness has been overcome by the development of a weight
transfer hitch for trailed implements in which part of the weight of the implement and / or the downward soil
forces are supported by the tractor rear wheels. This system is considered in Section 6.4.4(c).

(b) Semi-mounted - two point hitch

In this arrangement the front of the implement is carried on the lower links of the tractor and the rear on a castor
wheel asin Figure 6.2.

In the vertical, longitudinal plane the implement is free to pivot about the outer ends of the lower links and hence
it behaves as the one point hitch above, ig, it is free to follow ground undulations. It is, however, rigid in the
horizontal plane and is therefore frequently used for un-symmetrical implements having side forces, such as
mouldboard or disc ploughs, or offset draught forces, such as forage mowers.

There is usualy a significant static vertical component in the implement attachment force because part of the
weight of the implement and of the downward soil forces are supported by the tractor. Thus weight transfer
would be greater than in a corresponding trailed implement; see Section 6.4.3.

(c) Fully mounted - three point hitch

Here the implement is attached to the tractor by means of the three-point linkage as shown in Figure 6.3. In this
side view the lower two points are coincident; the upper point is midway between , but above the lower two.

This system totally constrains and allows complete control of the implement. It is not free to swing in space like
the trailed implement, nor in the vertical plane like the semi-mounted; it must operate in the position determined
for it by the linkage. The exception to this statement is that the implement is usually freetorise, ie, it isnot held
down by the linkage. If it doesrise, it will be due to the upward soil forces being greater than implement weight;
it will, however, movein away determined by the kinematics of the linkage.

In the vertical longitudinal plane (Figure 6.3) the linkage has the form of a mechanism known as a 'four link
chain', the characteristics of which are treated in books on kinematics. We can identify the four links as shown in
Figure 6.4:

0 the two lower links (which act as onein the vertical plane)

(i)  theupper or top link

(iii)  theimplement frame or pedestal

(iv)  thetractor chassis.
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Figure 6.5: Three point linkage as an implement is lowered
(a) near commencement of penetration
(b) in a'stable’ free link condition
(c) restrained above the free link condition
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The significant point is'v' at the intersection of the upper and lower links. When discussing the motion of the
implement it is termed the ‘instantaneous centre of rotation’; at the instant shown, the implement moves asif it
was rotating about that point. The point 'v' itself moves from instant to instant, hence the motion of the
implement is quite complex.

When discussing the forces on the implement 'v' is termed the virtual or effective hitch point; at the instant
shown, the implement behaves asiif it were attached to the tractor at that point.

As an example, Figure 6.5(a) shows a plough on the three-point linkage as it enters the ground. It will be seen
that the effective hitch point is below the ground and the line of draft passes above it. The soil force has a
clockwise moment about that point, thus the plough is being pulled into the ground. Asthis occurs, the effective
hitch point rises and eventually an equilibrium is reached where the downward force of soil on the plough is just
balanced by the upward force of the tractor on the plough. The line of pull passes through the effective hitch
point, now above the ground surface, as shown in Figure 6.5(b); this tends to add weight to the rear wheels of
the tractor.

The above is termed the 'free link' condition but it is not suitable for normal operation because any variation in
the direction of the soil force will cause the implement depth to change . Usually, the linkage is arranged so that
the implement reaches the desired working depth before the effective hitch point rises up to the line of draft.
The implement is thus kept from reaching the equilibrium condition; the soil forces tend to pull the plough in
deeper, but the linkage stops this occurring. The weight of the plough and the downward acting soil forces are
thus transferred to the rear wheels of the tractor. The line of draft passes above the effective hitch point, as
shown in Figure 6.5(c); the former cannot be located from the latter as in the Figure 6.5(b). Further discussion is
given in Dwyer (1974) and Inns (1985).

Problem 6.1

Take measurement of the three-point linkage system on a tractor and associated soil engaging implement. Plot]
on drawing paper the position of the instantaneous centre of rotation / virtual hitch point if the implement were)
raised and lowered to below the ground level. Alter the linkage or use another type of implement and repeat the
above.

6.3 TRACTOR CHASSIS MECHANICS

The term 'mechanics' here refers to an analysis of the forces that act on the tractor chassis. The major force is
that of gravity and is known as the weight. This is sometimes (loosely) given, and spoken of, in units of mass
(kg); in engineering analysis (concerned with statics) all such 'weights' should be converted to force units (kN).

6.3.1 Centreof gravity

The centre of gravity isthe point at which the whole of the mass and the weight of the tractor may be considered
to act. Itslocation depends on the disposition of the various masses that comprise the tractor. Any analysis of the
tractor chassis requires the location of the centre of gravity to be known. It is usually specified in relation to the
rear axle as shown by point G in Figure 6.6.

(a) Longitudinal location

The location of the centre of gravity in the longitudinal (x) direction may be found by measuring the weight on
the front (W¢) and rear (W) wheels.

Application of the force equilibrium condition gives the tractor weight, W:
W =W + W,

Application of the moment equilibrium condition gives the required longitudinal location, x, as shown in
Figure 6.6(a).

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan




6.6

P
° )
v
wrl v 1
<«— xf —>|¢— xr —> (@

X
G'/\
Y9 Xr
f/
7 © b ™
yg G ¢
v T
v ©

Figure 6.6: Location of centre of gravity of tractor
(a) horizontal location
(b) tractor raised to find vertical location
(c) geometry of position of centre of gravity
Adapted from Barger, et al (1952)
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For the tractor take moments about O:

W.xr:Wf.x
W.
f
Xy =w X (6.1

The wheel base (x) between the front and rear axles is usualy given in the manufacturer's specification or can be
measured directly.

For most common rear wheel drive tractors X, is approximately 30 % of X; thisis also the % of the static tractor
weight that is on the front wheels.

(b) Vertical location

The location of the centre of gravity in the vertical (y) direction is more difficult. The common method is to lift
the front (or rear) of the tractor (as shown in Figure 6.6(b)) and measure the weight on the front wheels (W') in

the raised condition. The following is similar to Barger et. al., (1952).

Application of the moment equilibrium condition gives the required vertical location, Yg

For the tractor take moments about O:
Wi
Xp = W X" (6.2

The geometry of the positions of the centre of gravity (Figure 6.1(c)) gives:

_ X
z ~ cosb

X2
Yg T Tab

Substituting for z gives
¥
X - _r

_ T cosh

Yo 7 tanb (6.3)

where x', is as calculated from Equation 6.2 above.

and b = bl + b2
r.-r V-1
= aan 1+ aan —
Xy
Inspection of Equation 6.3 shows that if the difference between x' andab is to be accurately calculated, b

needs to be relatively large and / or accurately determined.

Problem 6.2

By a similar measurement and analysis to the above find the location in the vertical and longitudinal directions|
of the centre of gravity of atwo wheeled tractor or trailer.
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6.3.2 Issuesin chassis mechanics

Two aspects of the mechanics of the tractor chassis, which are of importance to the performance of the tractor,
can be identified:

(a) Weight transfer

For atractor under dynamic (here meaning ‘operating’) conditions, the weight on the wheels will, in general, be
different from the static values. These changes are termed 'weight transfer' although of course nothing is
‘transferred'. The discussion here is limited to the changes in the vertical longitudinal plane, ie, from front to rear
and vice versa because these have the greatest influence on tractor performance.

Weight transfer is a normal outcome of the action of the forces generated on the tractor chassis by the ground
and by the implement. It occurs whenever and however the tractor is loaded, including the ‘no’ load case where
there is some weight transfer due to the torque on the rear wheels required to propel the tractor against the
rolling resistance of all the wheels..

It isalso normally a desirable outcome because the tractor is designed to take advantage of it by having at |east
some of the driving wheels at the rear where, for normal forward operation, the increase in rear wheel weight is
proportional to the drawbar pull. In reverse gear and in the 'over-run' condition, (the implement pushing the
tractor) the forces toward the front of the tractor transfer weight from the rear wheels to the front wheels, a fact|
which affects the performance of the tractor in this type of work and when braking.

A more detailed discussion of the general subject of weight transfer is given in Gilfillan (1970), Liljedahl et al
(1979) and other references given at the end of this Chapter.

(b) Instability

Instability occurs when the weight transfer is sufficient to cause the tractor to tip over rearwards. Impending|
instability (where the front wheels leave the ground and the tractor is on the point of becoming unstable) is
considered here because it is a limiting case of the weight transfer and hence of tractor operation. It is an
undesirable situation because it represents loss of steering control and may lead on directly to actual instability.
Such a situation is partly avoided by inherent features of the design of the tractor-implement system and partly
by its operation in away that avoids reaching that condition. Usually the wheels slip before instability occurs.

An understanding of the actual process of tipping over in the vertical longitudinal plane which may follow|
requires a different, more complex dynamic analysis that includes, among other matters, the inertia of the tractor
chassis and of the implement, also the inertia and stiffness of the transmission to the rear wheels. This and the|
analysis of instability in the lateral vertical plane (roll over) are not relevant to tractor performance as such; they
are dealt with in Liljedahl et al (1979) and other references given at the end of this Chapter .
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6.3.3 Analysis and assumptions

The following analysis of the tractor in the longitudinal, vertical plane is limited to the calculation of wheel
weight during steady state operation in normal work (Section 6.4) and to the prediction of the conditions for
impending instability (Section 6.5).

Although the tractor and implement are moving, the assumption of steady state operation implies that there are
no inertiaforces; the forces are doing external work but are not causing any accel eration. Hence the principles of
statics and the conditions for static equilibrium of rigid bodies can be applied.

Three independent equations of equilibrium (chosen from the following) can be written:

(i)  thesum of the forces in any two perpendicular directions are zero. The two directions usually chosen are
those parallel to and perpendicular to the ground surface.

(i)  the sum of the moments about any two points in the vertical longitudinal plane are zero. The two points
usually chosen are the wheel / ground contact points or the centres of the wheels.

In simple situations it may be sufficient to consider the whole tractor as a rigid body. Where the external forces
are known the weights on the wheels can be calculated directly.

However it is sometimes convenient to consider the tractor as composed of two rigid bodies. One, the drive
wheels, rotate about a centre located in the other - the chassis of the tractor. This occurs under the action of the
torgue acting on them which is internally produced by the engine. Any such analysis must apply appropriate
congtraints ie, that the forces and moments on each are equal and opposite.

In this analysis and the worked examples, the following simple assumptions are made:

(i)  forward motion is uniform; this assumes constant implement forces and no acceleration

(i)  lines of forces on wheels are either tangential or radial or may be resolved as such; wheel sinkage and tyre
distortion (but not normal tyre deflection) are neglected

(iii) the tractor is symmetrical about the longitudinal vertical plane; al the forces and moments may be
considered to act in this plane

(iv) other forces, such as the change in position of the fuel and oil in the tractor on sloping ground, air
resistance and other minor forces are neglected

The analyses of tractors where other more complex assumptions are made are given in the references at the end
of this Chapter.

The tractor considered in the general analysisisas shown in Figure 6.7.

The implement force P acts through the point (x', y') a an angle g to the ground surface. Note that it is not
shown 'attached’ to the chassis at the rear of the tractor because, in general, it may act on the tractor or attached
implement at any point in the plane.

For a trailed hitch shown in Figure 6.1, this point would be the drawbar / implement attachment point. For the
tractor in Problem 6.7, P isthe weight of a tank and water (a vertical force) carried on the front. Care must
therefore be taken to ensure that the direction and the moment of P is correctly included by appropriate choice of
g and the sign for x'.

The solution of the problems given in the following sections will be greatly facilitated by coding of Equations
6.4 and 6.5, etc, on a computer spread sheet.
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Figure 6.7: Tractor details for weight transfer analysis
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6.4 WEIGHT TRANSFER
6.4.1 Four wheel tractor
(a) Analysis
Consider rear wheel drive tractor on a slope as shown in Figure 6.7.
For the tractor”, take moments about C:

Vi X+ Wsinayg + Psing X' + M= W cosa x, + Pcosqy

X y '
Vi = Weosa — + P cosg y M _Wsina = - Psinqi
f X X X X X

For the wheels, take moments about C:
M = H.r

Resolve parallel to the dope:
H = Wsina+ Pcogq

Substitute for M and H above:

X y '
V¢ =W cosa Ly P cosg Y wsna < - P cosq I wsnaZ . Psinqﬁ
X X X X X X
Combining:
X r+y g .
V¢ =W cosa — - W sina —3 —Pcosqr—x —Ps'nql
X X X X
r+y . .
- . ing —3 Y _pgng L
Vi =W - Wsina " P cosqg " Psing " (6.4

Problem 6.3

Show that the weight on the rear wheels (V) perpendicular to the slope is given by:

r+y ' '
vV, = Wr+Wsjna% + Pcosg % + Psing % (6.5

1 In the following, the total weight of the tractor (W) and the distance to its centre of gravity (X, ) have been

used; thisis statically equivalent to using the weight of the body (tractor less rear wheels) and the distance to its
centre of gravity.
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(b) Explanation of terms

Thetermsin Equations 6.4 and 6.5 can be identified as follows:

B Wg, W, the static weight on the wheels when the tractor is on the slope
r+y
(i) Wsna —Xq the moment effect of the weight component down the slope, decreasing the front

wheel weight and increasing the rear.

(iii) Pcosq % the moment effect of the implement force component down the slope, decreasing the

front wheel weight and increasing the rear.

(iv) Psing % the moment effect of the implement force component perpendicular to the slope,
decreasing the front wheel weight.

(v) Psing % the direct (P sing) and the moment effect (P sinq X; ) of the implement force

component perpendicular to the slope, increasing the rear wheel weight.

Referring to the Equations 6.4 and 6.5, note that the moment effect of the component of the drawbar pull down
the slope, P cosq, hastwo effects:

(i) Pcoxq ¥ : increases V¢ and decreases V, with moment army
i P cosg L decreases V¢ and increases V. with moment arm r
f r
X

The net effect of P cosqg istherefore the difference between these two, ie, P cosq LXX =P cosq };? .
This fact gives rise to the idea that if the drawbar pull acts below the rear axle, its moment, Pcosq . y, increases
V¢ and holds the front of the tractor down. While this is true, it omits the more important, unrecognised aspect

that a usually larger moment, Pcosq . r, tends to decrease the weight on the front wheels.

Problem 6.4

Check Equations 6.4 and 6.5 by taking moments about the ground contact points O and Q, respectively.
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(c) Specia cases
The following special cases are of interest:

0 If y'increases, ie, the point of action (eg, the drawbar) israised, y decreases and the weight transfer,

P cosq LXX increases; the tractor may reach the condition of impending instability when V¢ = 0 (Refer
Section 6.5)
(i) If y'=0, the point of action (the drawbar) isat ground level, y =r; thereis no weight transfer due to P.

(iii)  If y' is negative, the point of action is below ground level (eg, as is possible with a three point linkage or
with the drawbar in a trench), y is greater than r, the term P cog ))/? becomes positive in Equation 6.4

and negative in Equation 6.5, ie, weight is transferred from the rear to the front wheels. (Refer Section
6.4.3.

(iv) If q = 0, ie, theimplement forceis parallel to the ground

X r+y . X r+y, ;
V¢ = Wcosa '~ wsna —2 - pL V, = Wcosa—f+Wsina—q +pL
X X X X X X
(v) If dso,a = 0, ie, theground is horizontal
X ] ' X '
A vi=wd e oy o B
X X X X X
(vi) If dso,P = O, ie, thereisno implement force
X X
Vf:W;:Wf Vr:W;_Wr

Problem 6.5

Repeat the analysis in Section 6.4.1 for the tractor travelling down the slope where the implement force acts
forwards and downwards (as when towing an unbalanced trailer); show that the wheel weights are:

r+y . '
Vi =W + Wsina% + Pcosq% - Psian; (6.6)
. Mg y XX
V, =W, - Wsina - P cosq il PanT (6.7)
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Problem 6.6

Consider the Farmland tractor with a spray tank mounted on the three-point linkage at the rear.

The following data apply:

Weight of spray tank when empty =60 kg
Centre of gravity of thetank and water = 1.5 m from therear axle
= 1.0 m from the ground

0 If there is 210 kg of water in the tank, what is the weight on the front wheels for the unit moving on

horizontal ground?
(i)  What weight of water can be carried and what will be the tractive coefficient (based on the total tractive

force) if the unit is moving up a 1P slope and the weight on the front wheels is to not be less than

4KN?
(iii) What will be the maximum weight on the front wheels and the tractive coefficient as the tractor empties

the spray tank while travelling down a 10° slope ?
Solution Part (ii)

From Equation 6.4:
r+y

V¢ = Wf-WsinaJ - Pcosq L. Psing X
X X X
5 ~ Wcosaxr-Wsina(r+yg)-fo

cosg y'+sing X'

27.9(532 - .133) - 7.52

T4+ 148 =2.18kN =224 kg
Weight of water = 224 - 60 = 164 kg

From Equation 6.5
r+

_ ina 29 Y 4 pang XX

Vy =W, +Wsna " + Pcosq " + Psing "
_ 1.34 .765 1 3.38
= 27'9('985_1.88 +.174 1es )+2.18 ('174_1.88 +.985 _1.88)
=19.6 +1.97+ .20+ 3.89
= 25.6 kN

v _ Wsina+ Pcosq _ 27.9x.174+ 2.18x.174 _
y = Vr - 25.6 = 020

Answers: (i) 5.92 kN; (ii) 164 kg, 0.20; (iii) 9.48kN, -0.27
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Problem 6.7

Repeat Problem 6.6 with the spray tank mounted on the front of the tractor with its centre of gravity 1.5 m
from the front axle.

0] If there is 210 kg of water, what is the weight on the front wheels for the unit moving on horizontal
ground?

(i)  What weight of water can be carried and what will be the tractive coefficient (based on the total tractive
force) if the unit is moving up a 10° slope and the front wheel weight isto not exceed 10 KN?

(iii)  What weight of water can be carried and what will be the tractive coefficient (based on the total tractive
force) if the unit is moving down a 10° slope and the front wheel weight is to not exceed 14 kN?

Answers: (i) 12.8 kN; (ii)187 kg, 0.26; (b) 165 kg; -0.33

Problem 6.8
Consider the Farmland tractor operating up aslope a = 150 with a drawbar pull angle q =10°.

Use Equation 6.5 to calculate the:

0 maximum drawbar pull if the tractive coefficient y (based on the total tractive force) = 0.8
(ii)  rear wheel weight

(iif)  percentage contributions of the termsin Equation 6.5 to the tractive force.

Note: An iterative method is required to solve this problem because the rear wheel weight depends on the
drawbar pull (due to weight transfer) and the drawbar pull (as determined by the tractive coefficient) depends
on the rear wheel weight. Assume an initial value for P and calculate Vy, H and then P; if the initial value of

P is carefully chosen, the answer will be obtained with sufficient accuracy with two iterations.

Answers: (i) 17.1 kN; (i) 30.1 kN; (iii) 64%, 10%, 13%, 13%

6.4.2 Weight transfer with rolling resistance

The above analysis neglects any effect of rolling resistance. We may, however, include this by introducing a
force acting along the slope (opposite the direction of motion) as afurther force to be overcome by the tractor.

Asdiscussed in Section 4.3.3 the rolling resistance may be expressed in terms of a coefficient (r) as
Rolling resistance= r . Weight on wheel

Here the weight will be the wheel weights perpendicular to the slope, ie, Vs and V, as given by Equations 6.4

and 6.5 above. The rolling resistance for the tractor may be estimated by combining the effect on the front and
rear wheels by considering a coefficient for the tractor as awhole.

R r (Vi+ Vy)
=r (Wcosa + Psinq)
The total tractive force

H = Wshna + Pcosqg + r (Wcosa + PsinQ)
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Figure 6.8: Tractive coefficients required for the Farmland tractor working up and down the slope :
(a) carrying aweight of 100, 300 and 500kg with rolling resistance coefficient of 0.05
(b) Carrying aweight of 300kg with rolling resistance coefficient of 0.025 (bitumen road)and 0.1 (ploughed soil).
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We can specify the tractive force required (for a rear wheel drive tractor) in terms of the gross tractive
coefficient.

' _ Tractiveforce
~ Rear wheel weight

_ Wsina + Pcosq + r (Wcosa + Psing) 6.8)

r+y ' .
WﬁWsina% + Pcosg })/? + Psing %

Problem 6.9

The Farmland tractor carries afertilizer distributor mounted on therear three-point linkage.
The following data apply:

Centre of gravity of distributor and fertilizer, m: 1.5 behind tractor rear axle

1.0 above ground
Total weight of the distributor and fertilizer, kg: 100 (empty),

300

500 (full)
Rolling resistance coefficient 0.025 (bitumen road),

0.050 (firm surface)
0.1 (ploughed soil)

Angle of slope (up and down), © 0, 5, 10, 15, and 20

Calculate the traction coefficient required to drive the tractor and distributor under various conditions. Hencg
identify conditions where it may be possible and safe to drive up a slope but unsafe to drive down it.

Solution

Results for some conditions which are given in Figure 6.8(a) for r=0.05 (firm conditions) show that the tractivg
coefficient required:

(i)  increases with the angle of slope

(ii)  decreases with weight carried, particularly for larger angles

Figure 6.8(b) shows that the tractive coefficient depends on the angle of slope and the rolling resistance. In the
example given for load =300 kg and r = 0.025 (bitumen road), y '(down) >y ' (up) for slope >129.

Problem 6.10
Repeat Problem 6.9 with the distributor mounted on the front of the tractor .

Assume that the centre of gravity of distributor and fertilizer is 1.5 min front of the front axleand 1.0 m
above the front wheel ground contact point .
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Figure 6.9: Slopes that can be negotiated for various traction coefficients, Problem 6.11
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Problem 6.11

The Farmland tractor operates with zero drawbar pull on aslope a . The maximum gross tractive coefficient is
y ' and the coefficient of rolling resistance for the tractor asawholeisr .

(i) What is the maximum slope that the tractor can travel up without exceeding the maximum tractive force.
Resolving along the slope, Figure 6.7:
H = W sina+W cosar

At maximum gross tractive coefficient :
H =V,.y'

The dynamic weight V. on the rear wheelsin operation is given by moments about Q:

V,.X = Wcosa X+ W sina (r+yg)]
v _ Wcosaxf+Wsina(r+yg)
r- X

Substitute for H and V. above:
W cosa x¢ + W sina (r +yg)

W sina +W cosa r = " ly'
(r+yg
Wsina[l—%— y'l] = Wcosa [f y' - r]
y' Xp-rXx
tana,, :T(H_yg) (6.9

(i) Show that the maximum slope that the tractor can travel down without exceeding the maximum tractive
forceis:
y' Xgtr X

X+y' (1+yg) ¢10

tanad =

(iii) Plot tan a and tan ay for valuesof y' between 0.2and 0.7 and r =0.05 and discuss the meaning of thesg
results.

Answer (iii) See Figure 6.9
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Figure 6.10: Weight transfer with various hitching systems;
(@) trailed; (b) semi-mounted; (c) fully mounted
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6.4.3 Weight transfer with hitching systems

(@) Analysis

Considering the three common hitching systems described in Section 6.2.2 above, we are now in a position to
evaluate them with respect to weight transfer, ie, the increase in the weight on the rear wheels as a result of the
implement forces. This analysis does not take into account the weight of the implement, which is more
significant for the mounted and semi-mounted systems than for the trailed. However, it provides a valid
comparison of the relative advantages of weight transfer of the three systems on the basis of the soil forces and
of the conditions under which these advantages will be achieved.

Consider an identical cultivator, as shown in Figure 6.10 hitched, in the following ways:
(i)  trailed onitsown wheels

(ii)  semi-mounted on the lower links of the tractor and a rear wheel

(ii)  fully mounted on the three-point linkage.

In order to compare them it is necessary to determine the dynamic weight on the front and rear wheels of the
tractor for each system; the same soil force S, acting at an angle q to the ground surface as shown, is assumed
for each .

(i) Trailed

Resolving horizontally:

P = Scoy
Moments about Q for the tractor:
Vi x =W xs +PYy
v, = w, +20Y (6.11)
X
And
vpoo=wyp - 2y (6.12)

Weight transfer will occur if V. > W_ie, if y'is positive, ie, if the drawbar is above ground level; it will be
increased by increasing the drawbar height, y'.

For a consideration of the implications of this, see the more general analysis of impending instability given in
Section 6.5.

(i) Semi-mounted

Resolving horizontally:
P = Scosq

The dynamic weight T on the tractor drawbar is given by moments about A for the cultivator:
T a = Ssing (ab) +Py' +Scosg z
where b gives the horizontal location of the soil force.
Substituting for P
T = Ssinqa'—b + Scosqﬂ
a a
The dynamic weight on the rear wheelsis given by moments about Q:

Vi x  =Wxp +Py +T (x+x)
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Figure 6.11 Conditions for weight transfer with fully mounted implement.

HITCHING CONDITION FOR EXPLANATION
SYSTEM WEIGHT TRANSFER
TRAILED V¢ >W, unlessy' negative Drawbar above ground level

SEMI MOUNTED Vy >W, aways --

MOUNTED . z Line of soil force passes above:-
Vr >Wpif tang> X+x'+b front wheel/ ground contact point

: z
Vi <Wiif tang > S rear wheel / ground contact point

Table 6.1: Summary of conditions for weight transfer with various hitching systems
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Substituting for T and P
Vi x =W x; + Scosq y'+Ssinq£ar—blE(iﬂl +Scoan£§l)éﬂz

= Wr + Sgnq (a__béxﬂl + SCO&] ay + (Z;(y)(X+X) (613)
Problem 6.12

Show that the weight on the front wheels of the tractor with semi-mounted implement is given by:

Vi = W - SSinqga_—sXM - Scosq %@:y)x (6.14)

Weight transfer will occur if V . > W, which will always occur unless one of the following termsis negative and
greater in magnitude than the other.

Thefirst term will be negative if b > a, ie, the soil force is behind the wheel. The second will be negativeif y' is
negative (below ground level) and greater than z or z is negative (above ground level) and greater than y'.

All of these conditions are unlikely to occur for a semi-mounted implement, hence weight transfer will always
occur.

(i) Mounted

The dynamic weight V. on the rear wheelsis given by moments about Q for the tractor / implement system as a
whole:
Vp x+Scosq z =W Xg +Ssing (x+x'+b)
X+x'+b
X

\%

. = W, +Ssing - Scosq § (6.15)
The dynamic weight V¢ on the front wheels is given by moments about O for the tractor / implement system as

awhole:

W x, + Scosq z V¢ X + Ssing (X'+b)
X'+ b
X

: z
Vi Wy; - Ssing + Scosg X (6.16)

Increasing the length of mounted implements (hence increasing b) will increase the weight transfer to the rear
wheels due to the direct effect (S sinqg) and the moment effect (Ssing %’) from the front wheels. The limit will

be the length and weight that will still allow the tractor to lift the implement without itself tipping up; weights
may be added to the front of the tractor to avoid this.
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Weight transfer will occur if:

vV, > W,

r

Ssing X+;((—+b >Scosq§

tanq (6.17)

z
X+x'+b

This implies that weight transfer to the rear wheels will occur if the soil force passes above the front wheel /
ground contact point, Figure 6.11.

The above includes the contribution of the vertical component of the soil force (S sing) to the rear wheel weight.

Another measure associated with weight transfer from the front wheels in the mounted system is the condition
that

Vi < Wjs

Ssing %) > Scosg i

tanq (6 18)

Z_
X'+b
This implies that weight transfer from the front wheels to the rear will occur if the soil force passes above the
rear wheel / ground contact point. Further, weight transfer will increase as b increases, ie, the implement gets
longer.

(iv) Summary

A summary of the results of thisanalysisisgiven in Table 6.1.
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mounted >

/l semi-mounted

NN N

] ‘
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Figure 6.12: Comparison of hitching systems on the basis of weight transfer

TOP GREATER THAN SIDE
if line of soil force passes above:

MOUNTED

SEMI MOUNTED

Axis of lower hitch points:

SEMI MOUNTED

TRAILED

Intersection, drawbar line &
vertical line through front axle:

tanq>L+‘L

X+x'+b

Intersection, drawbar line &
vertical line as far in front of
s0il force aswhed isbehind it:

zty
tang > ab

Table 6.2 Summary comparison of weight transfer effects for different hitching systems
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(b) Comparison of hitching systems

We seek to determine the conditions under which the weight transfer for each system in Section 6.4.3 (a) is
greater than the one aboveit.

(i) Condition for V, (mounted) greater than V, (semi-mounted) :

X X aXx ax

x+X'+b  (&b)(x+x)
X ax

ay' + (2 +y)(x+X) ]

. 4
sing | 1> cosq [ £+ -

sing [b(atx+x)] > cosq [(z +y’)(atx+X)]

tang > ﬁ%ﬂ (6.19)

For the weight transfer of the mounted implement to be greater than that for the semi-mounted, the soil force
must pass above the lower hitch points; see Figure 6.12.

(ii) Condition for V, (mounted) greater than V, (trailed) :

Ssing X+))((—+b —Scosq§ > Scosq%

sing —X+))(( *b > cosq —XZJ;
Zty
tanq > B (6.20)

For the weight transfer for the mounted implement to be greater than that for the trailed, the soil force must pass
above the intersection of the drawbar line and a vertical line through the front axle; see Figure 6.12.

(iii) Condition for V, (semi-mounted) greater than V, (trailed) :

SSlnq ga-_bé(xﬂl + SCO&:][ayI+(Z;)2/I)(X+X')] > SCOS(] %

. a-b)(x+x' ' "+ (z+y") (X+X'

tang > %% (6.21)

For the weight transfer for the semi-mounted cultivator to be greater than that for the trailed, the soil force must
pass above the intersection of the drawbar line and vertical line through a point as far forward of the soil force as
the wheel of the semi-mounted cultivator is behind it; see Figure 6.12.

(iv) Summary

A summary of the results of this analysisis given in Table 6.2

The above conditions are likely to be met with implements which have;

(0] asoil force with significant vertical component, such as mouldboard ploughs, compared to those with a
more horizontal force, such as cultivators.

(i)  long implements for which bislarge.
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Figure 6.13 Two wheeled tractor dimensions relevant to weight transfer analysis
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6.4.4 Other examples
(a) Two wheel (walking) tractor

The wheels of a two whedl ( or so-called ‘walking') tractor are usualy driven through a V belt and / or chain
drive as shown in Figure 1.3. The mechanics of its chassis are the same, in principle, as the conventional four-
wheel tractor but here the tractor chassis requires 'support’ when pulling a drawbar load. This will usually be
provided by one or more of the following:

(i) atool, implement or trailer at the rear

(i) awhed at therear

(iif) acounter balance weight at the front

(iv) the operator through the handles

Consider the two-wheel tractor as shown in Figure 6.13 on a slope with an angled pull through the drawbar.
Normally the location of the centre of gravity would be such that with no drawbar pull the tractor would tip
forwards and a counteracting force U acting down on the handles would be required. When a drawbar pull acts
the net moment on the chassis will be clockwise asin Figure 6.13 and so the tractor tends to balance itself.

(i) With zero drawbar pull:

For the tractor, take moments about O:

Ug Xp + Wsina (r+yg):Wcosaxr

X I’+y
Uy, = Wcosa — -Wsina —3 (6.22)
Xh Xh

This force must act downward as shown if the centre of gravity of the tractor, counter weight and implement are
forward of the axle.

(i) With drawbar pull:
For the tractor resolve parallel to the dlope:
H =Pcosg + W sina
Take moments about C for the wheels:
M = H.r
Moments about C for the tractor:
M + W sina yg+ Psingx'+U xp, = Wcosa x, , Pcosq(r-y)
Substitute for H and M from above:

Pcosgr + Wsina r + W sina yg+Psinqx'+Uxh = W cosa X, , Pcosq (r-y’)

X r+y ' '
U=Wcosa — - Wsina —% - Pcosq L - Psing X (6.23)
Xh Xh Xh Xh
i} i XI
= U, - Pcosq -XLh - Psing X_h (6.24)
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Problem 6.13

For the two-whedl tractor on slope and with angled drawbar pull, show that the normal wheel weight is:

r+y . o
I _Wsna —% - Pcosg = + Psing 22X (6.25)
*h Xh Xh

XRKptX

V =W cosa
Xh

For the convenient operation of such a tractor it would be desirable to arrange that the force U = 0 under
operating conditions. Examination of Equation 6.23 (for simplicity with a = 0) shows that this will depend on
balancing the moment of the weight and of the drawbar pull .

Wcosa x, =Pcosq y' +Psing X’

To achieve this it is common to attach a large weight at the front of the tractor, the position of which is
adjustable with respect to the axle (equivalent to changing x;) to achieve the desired balance.

X _ Pcosg y'+Psing x'
r - W cosa

Problem 6.14

Show that for the walking tractor with a = 0 and g = 0, the condition for U=0 at maximum drawbar pull is
thatx. =y'y"
r

The Mechanics of Tractor - Implement Performance: Theory and Worked Examples - R.H. Macmillan




6.30

Figure 6.14: Details of PTO driven trailer for analysis
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(b) PTO driven trailer

The PTO driven trailer as shown in Figure 6.14 (a) can be pulled up aslope by atractor (6.14 (b)) or the wheels
can also be driven viaadrive shaft from the PTO, (6.14(c)).

(i) Pulled
Consider thetrailer being pulled up the slope asin Figure 6.14(b).

Resolve along the slope for the trailer:
=W'sina

Moments about D for the trailer:
R.a =W'cosa b + W'sina (y+y;)

b .Yt
R =W'cosa = - W'ssha —
a a
Resolve perpendicular to the slope for the trailer:
R+T = W' cosa
Substitute for R:
b .Yt
T :W'cosa—W'cosaZ1 +W‘smaT
a Yty

:W‘cosa?b + W'sina =
(ii) Driven

Consider now the wheels being driven so that the drawbar pull on the tractor is brought to zero as in Figure
6.14(c). Determine the tractive coefficient required for the trailer wheels.

Moments about C for the trailer:
W'sina y;+T.a+M=W:'cosa (ab)

Moments about C for the trailer whedls:

M =H.r
Resolve aong the slope:
H =W'sna

Resolve perpendicular to the slope for the trailer;

R+T =W'cosa

Substitute for T and M above

W'sina y; + (W'cosa -R) a+W'sina r =W'cosa (ab)

oIt b
R =W'sina + W' cosa 2
. _H _ W'sina _ atana
Y "R 7 R b (r+yp tana +b (6.26)
W'sina +W‘cosa5

The required tractive coefficient thus depends in a complex way on the slope angle a and the position of the
wheels and the centre of gravity.
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Figure 6.15: Trailed weight transfer hitch; (a) and (b) without lift; (c) with lift
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(c) Trailed implement weight transfer system

It was shown above that the trailed hitch is least effective in terms of weight transfer. This deficiency has been
overcome by the development of aweight transfer hitch, in which part of the weight of trailed implements, and /
or downward soil forces, are supported by the tractor rear wheels (Persson, 1967; Hockey,1961-62).

The principle of one common system is illustrated in Figure 6.15. Therigid link XYZ is attached to the three-
point linkage DY and EY; Z is connected to the implement drawbar with a flexible link ZG. In operation, the
three-point linkage applies a lifting force F to the implement; thisis set by the operator and is kept constant by a
hydraulic valve even when the tractor pitches with respect to the implement. This support (but not lifting
movement) of the implement transfers some implement weight, as well as some of the tractor front wheel
weight, onto the rear wheels.

Assume the weight transfer hitch is attached to an unbalanced trailer as shown in Figure 6.15.

It is required to determine the weight on the rear wheels of the tractor when there is a force F in the chain
between the hitch and the drawbar of the trailer. Assume a drawbar pull of P.

(i) For the tractor and trailer with no lift and no drawbar pull; Figure 6.15(a) and (b).

Moments about A for the trailer:
T a =W'(ab) whereT isthevertica force on the tractor drawbar

T o=w &
a

Moments about O for the tractor:

X% X X'
VP =W - TS =W T (6.27)
Substituting for T from above
vi  =wy -w ERX (6.28)
a x
Moments about Q for the tractor
Vi x =W X+ T (X +X)
X+ X
Vi =W+T
Substituting for T from above:
Vi =W W K_X_l&ba ))(:’X =W+ W %b + W K—Laa'lb XX (6.29)

The significance of the terms in Equations 6.28 and 6.29 can be identified as follows:

w %b =T - weight from thetrailer drawbar
, ab x .
W = x e ght from tractor front wheelsdueto T
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(ii) For the tractor and trailer with pull P and lift force F, Figure 6.15(c)
Moments about A for the trailer
W' (ab)+Py +T a =F (ac)
where T isvertical force on the tractor drawbar and is now assumed to act downwards on the trailer drawbar.

T =fF& _w & _pY
a a a

Moments about Q for the tractor
Vi x +T (X +X) =W xf+ Py +F (x+x'+c)

Vi :Wr"‘PZ +pEXEC g XX
X X X

Substitute for T from above:

xixte | (FOXIX) , (EDx) + p LX)

_ y XHXHC
\4 —Wr+PX+F X F . x a.x a. X

Ve = e w B0y | clanod) (6.30
a.x a.x a.x
Problem 6.15
Show that the weight on the front wheels of the tractor with weight transfer hitchis:
' 1 ' + X'
V= wp-w ERX p (Hady o darx) (6:31)

a.Xx a.Xx a.x

The terms in these equations showing the weight transferred to the rear tractor wheels can be identified as
follows:

W, W, w' - static weight on the respective wheels
w' a-?b =T - weight on the trailer drawbar
, ab x .
W v - weight transferred from tractor front wheels dueto T
P}é - weight from trailer wheels dueto P
P})/? - weight from tractor front wheels due to P
P}é X; - weight from tractor front wheels due to transfer from trailer wheels
F z-(; - weight from trailer wheelsdueto F
F x£ - weight from tractor front wheels due to F
F g X; - weight from tractor front wheels due to transfer from trailer wheels
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No contact

Figure 6.16: Operating parameters for tractor on slope with impending instability
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6.5 IMPENDING INSTABILITY

The following analysis, which is similar to that given by Sack (1956), illustrates the factors which limit the
operation and performance of the tractor as aresult of impending instability in the vertical longitudinal plane.

Consider the four-wheel tractor on the slope with drawbar pull parallél to the ground surface; q = 0, as shown
in Figure 6.16.

For impending instability, ie, V¢ = 0

Moments about C for the tractor:

M + Wsinayg = Wcosax, + Py

Resolve perpendicular to the slope:

Vr = W cosa

Resolve parallel to the dope:
H =P+ Wsna

Take moments above C for wheel:
M =Hr
Write
H =y'V, wherey'isthegross tractive coefficient (ie, based on H )

Substitute for H, P and M above:
M =y Wcosa r

Substitute for H, P and M above:

y Wcosa r = Wcosax, +y Wcosa y- Wsnay - Wsinayg

sna(y+ygy  =cosa(x+y (y-n)
tana(y+yg) = X-y(r-y)
tana (r-y'+yg) = X-y(r-y)

Xp-tana (r-y' + yg)
y

Xp-tana (r+yg)
' tana + ———3& (6.32)

yl

y

Dividing through by (r+ yg) gives

y'
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Figure 6.17: Relationships for tractor with impending instability
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Xy
r+Yg

Write = tana (static) = tanag (6.33)

ag istheangle of slope that would cause the tractor to tip as arigid body about the ground contact points under

static, ie, no drawbar pull conditions; a4 is usualy alarge angle, about 400 for most tractors.

. y' _ drawbar height _
Write r+ Yg centre of gravity height (6.34)
A typical valuefor h is 0.6.
tan ag- tana
y' = tana + —hn (6.35)

Herey is the tractive coefficient that must be achieved to bring the tractor to impending instability when it is
operating on aslopea.

(i) Ify'required to travel up the slope islessthan y ' given by Equation 6.35, then the tractor will not reach
impending instability.

(i)  If y'required to travel up the slope is greater than y' given by Equation 6.35, then the tractor will reach
impending instability.

(iii)  If y'required to travel up the slope is greater than the maximumy" possible, then the tractor wheels will
dip.

Figure 6.17 shows aplot of y versustan a for various values of:

(i)  tanag= 0.6 (high centre of gravity) and 0.8(typical centre of gravity)
(i)  h=0.6 (typical drawbar height), 0.7 and 0.8 ( a high and dangerous hitch point).

Theregion wheretana >y 'isnot feasible; the tractor will slide off the slope.
The example shows atractor on the slope wheretana = 0.3.
(i) Fory'max = 0.8 (good traction conditions) instability can occur for h = 0.7 or 0.8 because y ', IS

greater than y' = 0.72or 0.67 required.

(i)  Fory’'max = 0.6 (moderate traction conditions) instability cannot occur even for h = 0.8 because y ', IS
lessthan y = 0.67 required; the wheels will dlip.

The general conclusion to be drawn is that impending instability:

0] is unlikely to occur with norma drawbar heights, moderate slopes and common traction conditions;
usually the wheels dlip

(i)  may occur (often with fatal consequences) where traction conditions are good or have been enhanced by
the use of strakes (traction aids), where slopes are steep and particularly where the drawbar or the loading
point has been raised.

It should also be noted that, while the above simple, static analysis suggests the tractor is relatively safe if used
correctly, in practice dynamic effects may influence its behaviour and create dangerous situations. For example,
acceleration of the tractor forwards introduces an inertia force through the centre of gravity that has a moment
about the rear axle which tends to tip the tractor rearwards. The opposite will be true when the tractor is being
braked; here weight is removed from the rear wheels which may adversely affect their braking capacity.
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Problem 6.16

What drawbar height will just bring the Farmland tractor to impending instability at the maximum tractive
force on a horizontal soil surface? The following additional data apply:

Total areaof soil - wheel contact patch A =0.076 sq. m;
Cohesion of soil C =2.0kPa
Angle of internal friction of soil f =320

From Figure 6.15:

For impending instability: V¢ =0

Resolving horizontally: D =H=Ac+W tanf
Moments about O:
Hy =Wx,
X
H =w-
y
Xr
w v = Ac +Wtanf
WX,

Y T Ac+Wtanf
This confirms the conclusion given above that, as the soil becomes stronger, (c and f increase) the height of
the drawbar pull that is required to cause impending instability decreases, ie, instability is more likely under
good traction conditions than under poor when the wheels will dip rather than the tractor to tip.

For the Farmland tractor:

. WX _ 2850 x 9.81 X 0.54
y = (Ac +Wtanf) = .076x 2x 2000 + 2850 x 9.81 x tan 32

=0.85m

There are places on many tractors at this height to which aload could be attached; it is clearly very dangerous!
L oads should always be attached to the standard drawbar.

Problem 6.17

Repeat Problem 6.16 for the tractor: (i) travelling up a slope
(ii) travelling down a slope
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7.1

CHAPTER 7

TRACTOR - IMPLEMENT MATCHING AND OPERATION
7.1 INTRODUCTION

Having considered the performance of the tractor on a firm surface (Chapter 3), on soft soil (Chapters 4 and 5) and the
effect of the implement on the weight carried by the tractor wheels (Chapter 6), we finally need to consider the steps
involved in matching, in performance terms, an implement and tractor. Here matching means choosing the size and / or
setting up the tractor and implement so that they may perform their functions in the most efficient way. We will do this
by considering what measures would be most appropriate to represent their performance efficiency and how these
might be maximised.

Many other factors of an agronomic, economic and organisational nature may also need to be considered, particularly
when choosing atype of implement; these are beyond the scope of this book. Readers are referred to existing text books
for consideration of the functional performance of the various types of implement.

There may also be many gaps in the information required for matching an implement and tractor. Notwithstanding this
lack, setting out the steps in a formal way may help to clarify the logic of making the choices and to determine what
further data are required in any particular circumstances.

7.2 IMPLEMENT PERFORMANCE
7.2.1 Implement Draught

The study of the in-field performance of atractor isrelated to the performance of the implement to which it is attached;
the latter, which is a complex subject in its own right, is also beyond the scope of this book. However we can consider
the input to implements in a general way (in terms of force, speed, power etc) and so consider the matching problem, at
least in principle.

For the purposes of matching an implement that is being pulled, the important parameter to consider is the horizontal
force to move the implement commonly known as the ‘draught’ force (from the word to 'draw’ or to 'pull’). Thisforceis
equal and opposite to the forces that arise from the process that the implement is performing and will of course vary
with the nature of that process (represented broadly by the implement type), the size of the implement and the travel
speed.

If the total force of the implement on the tractor is not horizontal, the vertical component will alter the weight on the
whesels, as discussed in Chapter 6, and so affect the traction process. However it will not significantly alter the draught
and will only have a second order effect on the matching process.

The draught of an implement is expressed as aforce, usually in kN. However draught may also be expressed in terms of
parameters that take into account the size of the implement or the magnitude or intensity of the process or of the work
that is being done.

These parameters, which are usually termed 'unit draught' or 'specific draught’, include:

(i) draught per unit effective width of machine, KN/m

(i)  draught per unit of effective cross-sectional area disturbed (usually for tillage implements), kN/sqg m (kPa)
(iii)  draught per unit tool (usualy for tillage implements), kN/ tool.

These measures are used as a basis for comparing implements of different size and type (ASAE 1998).
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Figure 7.1: (a) Hypothetical draught - speed characteristics for implements, also constant draught
(b) Corresponding power - speed characteristics
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7.2.2 Implement draught - speed characteristic

Because the tractor is a variable speed machine, the fundamental and important characteristic of any implement that
will be attached to it, (working in given conditions (eg, crop / soil) and with a given adjustment (eg, depth)), is the
relationship between its draught force and travel speed.

Some implements, such as those used for tillage, have a significant draught component at 'zero' speed; this represents
the force to rupture the soil under 'quasi-static' (ie, effectively zero speed) conditions. At higher speeds the force will
generaly increase due to the fact that higher speeds involve greater acceleration of the soil and that soils are dlightly
stronger under dynamic conditions. Hence implements such as mouldboard ploughs that lift and move soil a greater
distance and have large draught due to friction and adhesion show a greater increase in draught with speed than do
implements, such astined cultivators, which just lift or move the soil a short distance.

Heavy load carrying implements such as trailers will, due to their rolling resistance, also have a large drawbar pull at
zero speed; this may increase dightly as speed increases to moderate levels. For other relatively light implements
involved in some form of crop processing (mowing, harvesting, spreading) with power transmitted through the PTO,
the draught will be small at zero speed and substantially constant. However the PTO power may increase significantly
with speed.

These characteristics of agricultural implements contrast with those of barges being pulled through water where, ideally
at least, the draught will be zero at zero speed and vary as the square of the speed (for low speeds).

Figure 7.1(a) shows the hypothetical draught - speed characteristics for various implements also for an implement with
a constant draught.

7.2.3 Implement power

While draught is the fundamental measure of input to the implement (as drawbar pull isfor the output of the tractor), so
draught power is a useful measure of input to the implement (as drawbar power is for the output of the tractor).

Since drawbar power is the product of draught force and travel speed, any increase in speed of an implement will cause
an increase in the drawbar power due to:

() the direct effect of the travel speed increase
(i)  theindirect effect due to the associated increase in draught (if any) with increase in travel speed

Thusif an implement hasa draught - speed characteristic of the form,

D = Do+d.Vv12 (7.1)
Draught power Q =D.V
=Dg.V +d.Vv22 (7.2)

The corresponding power - speed characteristics for the implements are shown in Figure 7.1(b). The power - speed
characteristic for an implement with a constant draught (for d' = 0 in Equation 7.1) is also shown.

7.2.4 PTO driven and towed implements

Many agricultural machines used for 'processing’ crop or soil are driven through the PTO as well as being pulled by the
drawbar. The effect on the tractor engine will be the sum of the two separate effects.

The increase in engine power required from the tractor with an increase in travel speed (for a constant PTO speed
whichistypical for a processing type operation) will be the sum of the:

0] direct effect on drawbar power of the travel speed increase (asin (i) above) - (first term in Equation 7.2)

(i)  indirect effect of drawbar power due to the associated increase in draught with travel speed as in (ii) above -
(second term in Equation 7.2); thisis likely to be small for processing type implements

(i) increase in the PTO power due to the increase in rate of crop / soil processing that arises from the increased
travel speed.
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Figure 7.2 Operating points for atractor in three gears with two implement characteristics
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7.3 TRACTOR - IMPLEMENT PERFORMANCE
7.3.1 Operating conditions
When an implement is hitched to atractor:
(i) the dr{:xught _of the implement determines the drawbar pull required to be developed by the tractor and is equal but
oppositeto it

(i) thetravel speed of the tractor determines the travel speed of theimplement and is equal to it

Consider a tractor with a travel speed - drawbar pull characteristic (in a particular gear) attached to and pulling an
implement with a particular draught - travel speed characteristic.

Because (i) and (ii) above are true, the operating point of the combination will be where these two curves intersect.

Similarly consider a small tractor with three gears as shown in Figure 7.2 to which we can attach two aternative
implements (with a particular width), one with a constant draught - speed characteristic and one where the draught is a
function of travel speed, V. These may be expressed either on an absolute (KN) or on aunit basis (KN / m width).

Draught, D =25
Draught, D = 2.5+ 0.6 V2

We can identify the operating conditions for the tractor in the various gears as the points where the draught - travel
speed graph for the implement and travel speed - drawbar pull graphs for the tractor intersect as shown in Figure 7.2 at
points similar to X. The graph shows the performance for maximum governor setting but it should be remembered that
for each gear thereis arange of engine governor settings giving arange of lower travel speeds.

We can also imagine the operating points for an implement of different widths having a proportiona increase or
decrease in draught.

Hence in matching an implement and tractor, there are a large number of possible operating conditions as represented
by al the possible intersection points within the overall performance envelope. The question therefore arises as to
which point or group of points would represent suitable operating conditions. As an example we might consider awide
implement with the tractor travelling slowly or a narrow implement with the tractor travelling quickly. Within
reasonable limits either of these possibilities, or any others between them, would be suitable. However if we wish to
consider the efficiency or other aspects of the processes we need to consider the criteria by which we might make a
choice between these various aternatives.

7.3.2 Optimum performancecriteria

At its simplest the matching process involves deciding what draught to apply on the tractor, ie, what drawbar pull it will
be required to develop.

We could consider choosing an implement with a draught that would cause the tractor to reach:

(8) Maximum drawbar pull

This (or near it) may be an appropriate condition if we were, for example, attempting to pull atree over where we could
accept avery low travel speed and a very large whedl dlip for afew seconds. It would not however be suitable for the
long-term continuous operation of atractor / implement system.

(b) Minimum drawbar specific fuel consumption

This would give the best fuel economy. It could be a suitable basis for selection because (at least on firm surfaces) it
corresponds to a drawbar power dlightly less than the maximum.
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Figure 7.3: Tractor and implement performance for Problem 7.1
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(c) Maximum drawbar power

This would also be a suitable basis for selection because maximum power (or a slightly lower value that would allow
for natural variation in the draught) would correspond to operation with good fuel economy.

(d) Maximum tractive efficiency

This would also be a suitable basis but with this criteria, drawbar power may be somewhat |ess than the maximum in
(c) above; see for example Figure 5.7 and 5.8.

The most common criterion for optimum matching is that of maximum drawbar power which gives a good fuel
economy (criterion (c)) and also a good tractive efficiency (criterion (d)).

Problem 7.1
Figure 7.3 shows:

0] the travel speed - drawbar pull graph tractor operating in a certain gear on a soil surface.
(i) the unit draught (per metre of width) - travel speed graph for a plough cultivating the same soil.

Determine a suitable width for the implement, 1, 2 or 3 m, etc.
Answer:
(a) Tractor

A suitable width implement will be such that the tractor is working at maximum drawbar power. For points on the,
travel speed - drawbar pull graph, calculate the drawbar power and plot the resulting points against drawbar pull.

For example, with drawbar pull P = 5kN, travel speed V = 1.95 m/s
Q=P.V = 5x195 = 9.75kW

From this graph it is seen that the maximum drawbar power of 24.3 kW will be generated when the drawbar pull is
16.5 kN.

(b) Implement

The draught for the implement will be the width times the draught per metre of width; use this to plot the draught for
various widths of implements ( 2, 3 and 4 m) as shown.

(c) Implement - tractor combination

The operating point for the implement - tractor combination, for maximum drawbar power will be the intersection point
of the draught - speed graph (for the particular width of implement) and the drawbar pull graph for the tractor. The
point on the graph for the width that intersects at or below 16.5 kN is 3 metres. The implement width is 3m, the
drawbar pull is 15.7 kN and the drawbar power is 24 kW.
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7.3.3 Matching wheelsand engine

Before considering the overall problem of matching implement and tractor it is helpful to consider the more limited
design problem of choosing the maximum weight on the driving wheels to suit a given travel speed and engine power.

Neglecting the rolling resistance and the transmission efficiency, the drawbar power for atractor (Equations 4.22) may
be written:

Qe ht Qg

V (Ac+Wtanf) X

V W (S +tanf) X
S

SV Wy (7.3)

This suggests that there should be an inverse relationship between the weight on the driving wheels and travel speed if
the maximum tractive power is to be maintained.

Dwyer (1984) gives typical values for maximum tractive efficiency, hy = 0.7 and corresponding tractive coefficient,
y =0.4 for arange of tyres and soil conditions.

Hence
Qe 0.7 =V WO04
ﬂ V =175
Qe

For Winkg, V in km/hr and Qg in kW we have

W, _ 17536 1000 _ . 74
Qe 0.8

As plotted in Figure 7.4, this shows the inverse relationship between the weight on the driving wheels per kW of engine
power and travel speed for maximum performance. This is an important conceptual relationship that illustrates the
alternatives of light, 'high' speed tractor / implement systems compared to heavy, slow ones.

For a multi-purpose tractor (with a given engine power) one would choose the lowest (or highest) sensible working
speed and calculate the appropriate weight. At higher (lower) speeds the tractor would be heavier (lighter) than
required; some weight could be removed (added) if desired.
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7.4 MATCHING TRACTOR AND |MPLEMENT
7.4.1 Variablesavailable

The selection of a tractor / implement system involves a series of choices about the relevant factors. These may be
listed asfollows:

Purchase I ndirect Combined Operation
Maximum engine Implement type Implement width Engine speed
power Implement depth Weight on wheels Gear ratio

Soil condition

Table 7.1 Parameters in selection, matching and operation of atractor - implement system
(8) 'Purchase’

Thisimplies the factor is chosen at purchase. Maximum engine power is an upper bound value, the choice of whichisa
very important one since it determines the maximum capacity of all the equipment that will be used with the tractor.
However the issues involved in the choice of an optimum value for it, such as the relative costs of capital and labour
and the timeliness penalties or costs of the various operations for which it will be used, are beyond the scope of this
book. The following discussion has therefore been limited to the matching of an implement to a tractor that has already
been chosen.

(b) Indirect

Thisimplies that these parameters are chosen, not in terms of performance but in consideration of other factors such as
the functional objective (implement type), agronomic significance (tillage depth) and weather (soil or crop condition).
Again these are also beyond the scope of this book and will not be considered further.

(c) Combined

This implies that these parameters are chosen both at purchase and before operation, ie, they may be altered, in
principle at least, but in practice may not be.

(d) Operation

This implies that they are primarily chosen during operation, ie, they can be varied by the operator to suit the
conditions that partly arise as a result of earlier choices and partly due to particular local physical circumstances such
asland form, soil type, crop condition, etc.

7.4..2 Optimising performance

On the basis of the above decisions we are left with four factors that will determine the operating point on the drawbar
pull - travel speed and travel speed - draught characteristics;

0] engine speed, gear ratio and weight on wheels related to the tractor.
(i) implement width related to the implement.

Following the discussion in Section 7.3.2 above, let us assume that the desirable matching criteria is to achieve
maximum drawbar power. A somewhat lesser value may be chosen as discussed below; the logic of the argument
would be the same.
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Equation 2.14 gives

Maximum drawbar power = Maximum x Maximum transmission X Maximum (7.5)
engine power efficiency tractive efficiency

From this it will be clear that maximum drawbar power will be achieved if the engine can be made to work at its
maximum power and the transmission and the tractor wheels can both be made to work at their maximum efficiencies.

Considering each of these termsin turn:

(8) Maximum engine power

As discussed in Section 3.2.2, maximum engine power will be achieved at the maximum governor setting and with a
load (torque) that brings the engine to the condition where the fuel pump is just delivering maximum fuel per stroke.
As the load on the engine is increased from zero, the engine speed decreases sightly and the governor increases the
fud flow rate to the maximum; this is the condition of maximum engine power. Any further increase in torque will
(because of the constant fuel flow) cause a significant decrease in engine speed and a corresponding reduction in
engine power.

The condition of maximum engine power will not be directly evident to the operator. The only evidence will be the
single speed value corresponding to maximum engine power.

() A higher speed than this will indicate that the engine, while running in the governed range is not delivering
maximum power and is not fully loaded.

(i) A lower speed will indicate that the engine is running in the full fuel range, is again not delivering maximum
power and is therefore ‘over’ loaded.

If, for some reason, it is thought to be undesirable to run the engine at full power (eg, to ensure greater engine life), a
lesser value of say 90% of maximum power and / or a governor setting less than the maximum setting may be chosen.
Such a value would coincide with a general area of good fuel economy and would alow a margin for the load to
increase temporarily without the engine running into the full-fuel range.

Strategies to increase (or decrease) the torque on the engine and so bring it to maximum power involves:
() using a higher (lower) gear, ie, decreasing ( increasing) ¢ in Equation 2.2
(i) using awider (narrower) implement, ie, increasing (decreasing) P in Equation 2.2

(b) Transmission efficiency

As noted in Section 2.4.1(b) above, the transmission efficiency is high and sensibly constant; the operator cannot
increase it, so it does not enter into the matching process.

(c) Maximum tractive efficiency

Maximum tractive efficiency will be achieved, by the appropriate choice of implement width (in effect, drawbar pull or
gtrictly draught) and the size and weight on the wheels. However again the condition of maximum tractive efficiency
will not be directly evident to the operator, hence it is necessary to use a surrogate variable, ie, one, the value of which,
at maximum tractive efficiency, is known; wheel-dlip is the variable that may be used.

(i)  too high a dlip indicates that the tractor has too large a draught load or has insufficient weight on the driving
wheels
(i)  toolow adip indicates that the tractor has too small a draught load or has excess weight on the driving wheels.

Thus the evidence of the wheels achieving maximum tractive efficiency will be optimum slip. However this varies with
the soil condition. Typical values are shown in Table 7.3, adapted from Dwyer et a (1976).

Thus achieving maximum tractive efficiency is based on strategies to decrease (increase) the dip which involves:

() increasing (decreasing) the weight on the wheels
(i) using anarrower (wider) implement.
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Description Coneindex Percentage of maximum weight on wheel
of surface kPa
60 - 70 70-80 80-90 90- 100
Dry grass 1500 10 10 10 10
Dry stubble 1000 10 10 11 11
Wet stubble 500 11 12 12 12
Dry loose soil 400 12 13 13 13
Wet |oose soil 200 15 16 17 18

Table 7.2 Slip at maximum traction efficiency (Adapted from Dwyer et a, 1976;
reproduced with permission of Silsoe Research Institute)

7.4.3 Setting up implement and tractor

It is clear from the above that the optimisation of the performance of a tractor - implement system involves a complex
set of choicesrelated to both the engine / transmission and the whesels.

Grevis-James (1978) has developed a grid shown in Table 7.3 that summarizes the changes that may be made to match
the tractor and implement and set them up to achieve maximum drawbar power (or some proportion of it).

In this table two alternative strategies are offered.
() maintain the output work rate shown in normal font in the upper part of each cell
(i) increase the output work rate shown initalic font in the lower part of each cell.

MAINTAIN | WHEEL LOWER THAN HIGHER THAN
OUTPUT SLIP -> OPTIMUM OPTIMUM OPTIMUM
INCREASE
OUTPUT
ENGINE | WHEELS PART WHEELS FULLY WHEELS 'OVER'
SPEED V LOADED LOADED LOADED
Reduce weight, use | Use higher gear & | Reduce width & use
HIGHER ENGINE | higher gear & lower | lower governor | higher gear
THAN PART governor setting setting
RATED LOADED | Use higher gear & Add weight & use
increase width Use higher gear higher gear
Reduce weight Reduce width & use
ENGINE OPTIMUM higher gear
RATED FULLY Increase  width &
LOADED | use lower gear MATCHING Add weight
Use lower gear & Reduce width
LOWER ENGINE | increase width Use lower gear
THAN 'OVER' Add weight & use
RATED LOADED | Use lower gear & | Use lower gear lower gear
increase width
Notes: 1. Use of aweight transfer hitch or mounted implement has the same effect as adding weight.

2. “Wheels'over' loaded" refers to the drawbar |oad not the weight being carried.

3. "Engine ‘over’ loaded" refersto engine running in full - fuel range ( Section 3.2.2, (a) & (b)).

4.. 'Engine speed' refers to rated speed at maximum power, not governor setting.

Table 7.3: Tractor - implement matching chart (Modified from Grevis-James, 1978;
reproduced with permission of Institution of Engineers, Australia)
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Figure 7.5: (a) Travel speed - drawbar pull and draught characteristic for tractor and implement
(b) Drawbar and draught power - drawbar pull and draught characteristic for tractor and implement
(c) Specific fuel consumption - drawbar pull and draught characteristic for tractor and implement
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7.5 OPERATING THE TRACTOR

The above sets out the principles involved in achieving optimum matching of an implement and tractor. In practice the
tractor may be used for many different types of work under differing draught and soil conditions. Hence it is unlikely
that the tractor / implement will be set up in away that is optimum for al the types of work for which it may be used.

Notwithstanding this compromise, we need to consider how to adjust the tractor during operation to achieve optimum
fuel economy. In doing this the only factors that are available for choice by the operator are the gear ratio and engine
speed, as determined by governor setting.

Consider the Farmland tractor and an associated one way plough. The model described in Chapter 5 was used to plot
the tractor performance for maximum governor setting for the 6 working gears as shown in Figure 7.5(a).

Figure 7.5 (a) also shows the travel speed versus draught characteristics for three implement widths of 1, 2 and 3 metres
(Palmer and Kruger (1982)). Thisis given by:

D =w.d(20+0.15V?) (7.6)

Figure 7.5 (b) shows the drawbar power versus drawbar pull for the 6 gears and draught power versus draught (force)
also for same three implement widths; depth = 0.2 m.

The latter is given by:
Q=D.V = w.d(20+015V2)V (7.7)

Figure 7.5 (c) shows the drawbar specific fuel consumption versus drawbar pull for the 6 gears. The specific fuel
consumption graphs for the three implement widths were plotted by projecting down from the appropriate intersection
points on the travel speed (or power curves) marked 'X'.

This set of graphs illustrates various aspects of the matching / operation.

(i)  For agiven tractor, various implement widths can be used. For heavy work such as ploughing it would be usua
to operate in a low gear with an implement that would bring the tractor to near maximum power. This is
illustrated by the 3m implement operated by the tractor in 5th gear as shown in Figure 7.5(b).

(i) A narrower implement can be operated but, in order to get good fuel economy, it must be worked in the higher
gears. Thisisillustrated by the 2m implement operating in 6th gear as shown in Figure 7.5 (@) and (b).

(iif)  Changing up to a higher gear increases the drawbar power and reduces the drawbar specific fuel consumption
aong the lines shown in Figure 7.5 (c). Such a change increases the (torque) load on and power from the engine
and allows the engine to run in more economical conditions as discussed in Sections 3.2.3, 7.4.2 and 7.4.3.

Changing to alower gear always makes the fuel economy worse. Clearly the more gears there are available, the
smaller will be that change.

(iv) Changing up a gear increases the speed which may cause control or vibration problems. It may therefore be
necessary to reduce the speed by reducing the governor setting; this will mean that the implement characteristic
will intersect the characteristic for the chosen gear somewhat below the lines shown at the maximum governor
setting in Figure 7.5 (a) and (b).

(v) If atractor could be made to work along the maximum power envelope it is clear that the tractor will work in a
region of excellent fuel economy. This of course corresponds to the region of high tractive efficiency as shown
in Figure 5.9 (c). The limitsto this procedure occur:

* at high speeds where rolling resistance power lossis high and ride comfort may be unacceptable
* at high pulls where wheeldlip is high.

In summary, when using the tractor for drawbar work, the fuel economy can be improved by changing up a gear and
reducing the governor setting, hence the engine speed, to avoid excessive travel speed. If it is necessary to change down
a gear, the fuel economy will be worse; increasing the engine speed by increasing the governor setting will improve it
to some extent.
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If the PTO is being used and a fixed speed for it is required, it would only be possible to change gears; the fuel
economy will change as above.

Notwithstanding all of these choices and adjustments, it isimportant to operate the tractor under safe conditions where
control can be maintained and at speeds with which the work being done is satisfactory.
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CHAPTER 8

GENERAL PROBLEMS
Problem 8.1

A tractor has an engine having a maximum power of 62kW at 1950 rpm at maximum governor setting.

When tested in the field, the following data were obtained:

Drawbar pull =26.2kN

Distance traveled for 10 revolutions of driving wheels - with no drawbar pull  =55.8 m
- with drawbar pull =46.2m

Engine speed = 1950 rpm

Fuel consumed =126¢g

Time taken =258s

Transmission efficiency =92%

Determine: Drawbar power, wheel dlip, traction efficiency, fuel consumption and specific fuel consumption.

Answers: 46.9 kW;17.2%; 82%; 21L/hr; 374 g/kWhr

Problem 8.2

The following data appliesto a tractor operating on alevel frictional soil:
Diameter of driving wheels
Overall gear ratio
Maximum engine torque
Angle of internal friction

Show that the minimum weight on the wheels to bring the engine to maximum torqueis given by:

2qT
D tanf

Problem 8.3

Consider arear wheel drive tractor operating on alevel surface. If the coefficient of traction based on the weight on
the rear wheelsisy and the coefficient of rolling resistance for the front wheelsin r show the drawbar pull that can
be achieved is:

p= yWry" er
1-=(y +r
” (y +1)
Problem 8.4

Consider atractor with rear wheel braking for which the maximum braking coefficient, | is

maximum horizontal braking force
vertical rear wheel reaction

By assuming that the dynamic inertiaforce ‘ma’ in braking is a static force acting through the centre of gravity of
the tractor, show that the maximum retardation, ais given by:

| X
gx+|(r+yf)
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Problem 8.5

A small, rear wheel drive tractor was tested in three gears with normal weight on a bitumen road and on a firm soil
surface also with extra weight also the road. The results are shown in Table 8.1.

Soil, standard weight Road, standard weight
Drawbar
pull, kN
Travel speed, m/s Slip % Travel speed, m/s Slip %
Gear -> 3 2 1 % 3 2 1 %
0.0 151 1.05 0.42 0.0 1.63 1.07 0.45 0.0
1.0 1.32 0.95 0.40 35 154 1.03 0.42 17
2.0 113 0.83 0.36 9.9 144 0.99 0.40 3.6
3.0 0.90 0.68 0.29 184 1.35 0.95 0.38 5.9
4.0 0.57 0.44 0.12 - 1.26 0.90 0.35 9.0
5.0 - - - - 1.09 0.83 0.29 14.1
6.0 - - - - 0.60 0.48 - 25.0
Drawbar Road, extraweight Fuel cons, L/hr: gear 3
pull, kN
Travel speed, m/s Slip Soil Road Road
Gear -> 3 2 1 % Std wit. Std. wit Extrawt.
0.0 164 1.08 - 0.0 1.80 1.66 150
1.0 1.56 1.04 - 16 2.20 2.10 1.95
2.0 1.49 0.99 - 3.0 2.50 2.50 235
30 1.42 0.96 - 4.6 2.65 2.87 2.74
4.0 1.35 0.92 - 6.6 - 3.10 3.10
5.0 1.28 0.88 - 9.1 - - 3.35
6.0 1.19 0.82 - 12.8
7.0 0.95 0.70 - 19.8
Table8.1
(i) Plot:

(8) Travel speed and wheeldlip versus drawbar pull

(b) Drawbar power versus drawbar pull

(c) Fuel consumption and specific fuel consumption versus drawbar power for gear 3
(d) Drawbar power versus wheeldlip

(ii) Discuss the effect of gear, weight and surface on the performance of the tractor.

Problem 8.6

Some tractors are available with a three-point linkage on the front of the tractor. Compare such an arrangement with
arear-mounted linkage with respect to weight transfer and implement control.

Problem 8.7
Imagine that you have been requested to advise on the preliminary design of a harvesting machine to be powered by

the Farmland tractor. The machine will be towed over very firm soil by the drawbar and the harvesting mechanism
will be driven by the PTO.
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The machine has the following performance characteristics:

Specific draught =8 kN/m of width
Specific PTO power = 3.2 kW/m of width
Operating speed not more than =3 km/hr (approx.)

Assume the following for the tractor:
Traction efficiency =70%
Transmission efficiency to wheels =90 %
Transmission efficiency to PTO =90 %
Wheel dlip not more than =15%

Using the graphs given in Chapter 3 and considering both power and draught requirements, estimate the maximum
width of harvester that can be operated and the fuel consumption.

Answers; 2.25 m, 8 kg/hr

Problem 8.8
(8 Show that the slope, g on which the Farmland tractor will just roll forwardsis given by:

err + er
X + (r+ y(re + 1)

tang=

Hence determine the slope for the tractor on:

(a) concrete
(b) loose sand

(b) Repeat for the tractor rolling rearwards
Problem 8.9

By taking appropriate measurements of a small motor bike investigate its capacity to operate a small trailer. Give
careful consideration to instability and safety issues.

Problem 8.10

Apply the principles developed for the two-wheeled tractor in Section 6.4.4 to the design of a trailer of the type
shown in Figure 6.1(b) for use with such atractor.

-X—X—X-
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