
AN EXPERIMENTAL FUEL EFFICIENCY METER 

A Thesis 

Submitted to the Faculty of Graduate Studies 

in Partial Fulfilment of the Requirements 

for the Degree of 

Master of Science 

in the Department of Agricultural Engineering 

University of Saskatchewan 

by 

Kaydar Ghanim Alsamman 

Saskatoon, Saskatchewan 

February, 1975 

The University of Saskatchewan claims copyright in conjunction 
with the author. Use shall not be made of the material con
tained herein without proper acknowledgement. 



The author has agreed that the library, University of 
Saskatchewan, may make this thesis freely available for in
spection. Moreover, the author has agreed that permission 
for extensive copying of this thesis for scholarly purposes 
may be granted by the Professor or Professors who supervised 
the thesis work recorded herein or, in their absen~e~ by the 
Head of the Department or the Dean of the College in which the
thesis work was done. It is understood that due recognition 
will be given to the author of this thesis and to the Univ
ersity of Saskatchewan in any use of material in this thes~s. 
Copying or publication or any other use of the thesis for .. 
financial gain without approval by the University of Sask
atchewan and the author's written permission is prohibited. 

Requests for permission to copy or to make other use 
of material in this thesis in whole or in part should be 
addressed to: 

Head of the Department of Agricultural 
Engineering 

University of Saskatchewan 

Saskatoon, Canada 

ii 



ABSTRACT 

The use of a meter that displays instantaneously to 

the tractor operator on a continuous basis the fuel efficiency

of his tillage operation, would make possible the observation 

of the change in efficiency and the effect on the tillage 

operation when changes in field condition occur. The opera

tor would be able to make adjustments and immediately observe 

the effect on efficiency in order to keep the efficiency as 

high as possible. The selection of a best size machine and 

adjusting the speed and depth to improve fuel efficiency 

should not affect the quality of tillage. 

Trying to maintain the efficiency as high as possible 

means higher power output at a lower fuel consumption. There

fore, cheaper operation can be achieved. 

Fuel efficiency is the drawbar horsepower of the 

tractor (constant x load x speed) divided by the power input

(amount of fuel consumed}. 

In view of this, an efficiency meter was constructed 

and tested. The meter electrically calculated the efficiency

from the outputs of three transducers measuring draft, speed 

and fuel consumption. 

An electrical resistance strain gage dynamometer, a 

d.c. tachometer generator and a turbine meter were used to 

determine the load pulled by the tractor, the actual speed 
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of the tractor and fuel consumed by the tractor engine res

pectively. The linear characteristics between the variable 

being measured and the output of each of the three devices 

listed above have the advantage in making a fuel efficiency 

meter simpler to design. 

A low cost vortex flowmeter that can be used on 

Agricultural tractors for the measurements of fuel consump

tion was built and tested. The meter showed a linear 

measuring characteristic and that the frequency of rotation 

of the contained ball depends mainly on the density of the 

ball and track radius. 

During a field test draft measurement compared favor

ably with another type of pull meter and the percent error in 

fuel efficiency measurement is probably small compared to the 

human error in attempting to estimate an average value of the 

reading being taken, mainly because of the instantaneous 

variation in draft. 
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1. INTRODUCTION AND LITERATURE REVIEW 

Tillage is the manipulation of soil by mechanical 

forces for the production of agricultural crops. The applica

tion of mechanical forces by tillage implements provides the 

means for changing soil condition and the reaction of soil to 

the applied forces determines the degree of pulverization. 

From the economic point of view, much research has 

been done on determining the most efficient tillage operations 

for the various types of tillage implements presently in the 

market. A similar amount of effort has been done in design

ing the optimum shape of the tillage tool to perform a given 

task. Since draft has a considerable effect on tillage 

operations, ,most of the researchers have tried to decrease 

the draft of farm implements. 

Cost factors in using farm machinery are the fixed and 

the variable costs. One very important factor in variable 

costs concerning farmers at present is fuel. If lower cost 

is to be obtained from using farm machinery, tillage opera

tions must be performed more efficiently to provide lower 

fuel consumption. 

The importance of optimizing tillage operations becomes 

apparent when, one considers that in the United States alone, 

more than 250 billion tons of soil are estimated tobe stirred 
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or turned each year. To plow this soil once requires 500 

million gallons of gasoline. 6 If a proper design could 

decrease fuel consumption by one percent, a saving of 5 

million gallons of fuel per year would be achieved. This 

achievement can be considered as a source of energy censer~ 

vation for the United States and the world as well. 

The efficiency of a farm operation can be measured 

in a number of ways. Perhaps the most useful of these ways 

are: 

1) The ratio of the monetary value of the output to 

that of the input. 

2) The ratio of the energy output to that of the 

input. 

This thesis considers the tractor alone and therefore 

it must be assumed that any changes in the operation of the 

tractor can be made without affecting the output of the farm. 

The conversion of the energy in the fuel to drawbar 

power can be evaluated in a number of ways. The common 

methods are specific fuel consumption in pounds of fuel per 

horsepower-hour and its inverse multiplied by the weight of 

the fuel in pounds per gallon which gives horsepower-hour 

per gallon. The instantaneous efficiency is: given by: 

Efficiency ~ ~7~~ in which W is the work output 

and E is the energy input. 

dW/dt is the power and dE/dt is fuel consumption rate 



usually expressed in gallons per hour. Efficiency can now 

be expressed as follows: 

Fuel efficiency ex: Drawbar horsepower 
Fuel consumption rate 

3 

= Draft x Speed 
K Fuel consumption rate •••• (1.1) 

where K is a constant. 

Drawbar horsepower is the power developed through the wheels 

or tracks of the tractor to move the implement through or 

over the soil or crop. 

Drawbar horsepower = C (Draft x Speed) • ••• (1.2) 

where C is a constant. 

In order to decrease fuel consumption by optimizing a 

tillage operation, information about all factors involved is 

essential. The major factors affecting fuel efficiency in 

tillage operations are: 

1) Draft: The total force parallel to the direction 

of travel required to propel the implement, and it is the sum 

of soil resistance and the implement rolling resistance. This

force is mainly affected by the size and shape of the implem-

ent used, depth of tillage and type of soil. Studies on the 

effect of draft on slip have been done by many researchers. 

Their studies show that slip increased when draft increased. 
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An increase in draft causes fuel consumption to be increased 

due to increased drawbar horsepower. 1
'

9
'

19 

In view of the assumption that changes in tractor 

operating condition would not affect the quality of the 

tillage, it appears that the only way draft can be decreased 

is to decrease the size of the machine. 

2) The forward speed of the tractor: Generally the 

draft of a tillage implement increases when speed increases, 

particularly in clay soil. 

3) Slip: When a wheel or track moves a tractor, with 

or without an attached load, some slip of the traction member 

occurs. This phenomena is commonly referred to as travel 

reduction. Wheel slippage is affected by the draft, speed 

and type of soil. 

4) Mechanical efficiency of the engine: The ratio 

of the power delivered by the engine (brake horsepower) to 

the total power developed (indicated horsepower) • 

Mechanical efficiency has a small effect on tillage 

operations within the range of speed of most tillage implem~ 

ents. The other three factors have a direct effect on the 

fuel efficiency of tillage operations. The effect of these 

factors can be measured by the use of proper devices to 

evaluate tillage performance. 

Many researchers have studied· the effect of draft and 

speed on slippage. Others have built slip meters that give 
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directly the percent slip in tractor wheels. Although slip 

has a considerable effect on fuel efficiency, study of this 

factor alone is not enough to determine fuel efficiency. 

The objective of a tillage operation is to produce a 

specified soil condition. It may be possible to produce the 

desired condition with several combinations of machine size, 

speed, and depth of tillage. Ideally the operator should be 

able to make the selection which would give maximum fuel 

efficiency and at the same time produce the desired result. 

Within limits the operator is free to make adjustments 

in speed and depth. The speed can be changed by selecting 

different gears and practically all tillage machines are 

equipped with hydraulic controls which allow changes in depth.

For many tillage machines the quality of tillage does not 

appear to be changed appreciably with small changes in depth 

especially if the speed is also changed. In most cases, where

the depth is decreased the speed should be increased and 

vice-versa. Changes in implement width are not as easy to 

accomplish, however, it is possible to change the width of 

some machines. The width of a cultivator can be quite readily

changed by adding or removing shovels. This change could be 

made when going from one field to another. 

The combination of speed, depth and size of the machine 

which produces the maximum efficiency are subject to variation 

in field condition so that even though the operator may have 
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made the best choice for one situation, it is difficult to 

determine whether or not the choice is still the best for 

another situation. Instrumentation which would display to 

the operator the instantaneous efficiency on a continuous 

basis would allow the simultaneous observation of the change 

in efficiency and the effect on the tillage operation when 

changes in field condition occur. The operator would be able 

to make adjustment and immediately observe the effect on 

efficiency. It would still be the responsibility of the 

operator to insure that the adjustment to improve efficiency 

did not adversely affect the quality of tillage. 

Research work up to the present time has been concerned 

with studying the factors which affect fuel efficiency, draft, 

speed, slippage, and engine efficiency. Many pieces of 

equipment have been designed to measure these quantities. 

In the following, the various apparatus commonly used 

for measurements of draft, speed, fuel flowrate and the 

testing of exhaust gases of the tractor are described along 

with a brief discussion of their functions. 

1.1 DRAFT DETERMINATION 

Drawbar dynamometers are commonly employed in Agric

ultural Engineering to determine the drawbar effort of power 

units or to ascertain the draft of field implements. Drawbar 

dynamometers are not new, studies had been done to build one 

about the middle of the nineteenth century. 1
'

9 
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1.1.1 Spring dynamometers 

The simplest and most obvious type of drawbar unit 

consists of a spring which elongates under tension or shortens

under compression. Such a dynamometer is suitable only for 

rough measurements of forces, because of rapid variations in 

loads such as those commonly found in connection with agric

ultural implements, the actual load·at any one instant can 

only be approximated and the accuracy to be expected is there

fore not high. 

1.1.2 Hydraulic dynamometers 

A sealed bellows unit or a hydraulic cylinder is used 

to transmit pressure to a Bourdon gage, the Bourdon gage may 

be calibrated to read directly in pounds pull. Readings 

from this type of instrument may be more easily taken than 

the spring dynamometer since the fluctuations of the gage 

needle can be reduced. The fluctuations may be damped con

siderably either by the use of a more viscous fluid or by a 

throttling valve in the line to the gage. 

1.1.3 Strain gage dynamometers 

A development in dynamometers has been brought about 

by the application of strain gages. The strain gage is 

simply a fine piece of resistance wire mounted in an insul

ated medium and cemented to a specific spot on the test 

member. Changes in the surface dimension of the part either
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compress or stretch the wire and change its electrical 

resistance. The change in resistance is proportional to.the 

strain in the wire, and since the strain gage is adequately 

bonded to the test piece, it is proportional to the strain 

in the piece under test. 

In order to obtain power and efficiency it is necessary 

to obtain readings of speed and fuel consumption in conjunc

tion with any of the dynamometers mentioned above. 

1.2 SPEED DETERMINATION 

The simplest way to determine the average speed of a 

machine is by measuring the distance travelled in a certain 

period of time, using a measuring tape and a stop watch. For 

test purposes the speed of a machine is determined by using 

a positive driven counter with the total number of revolu

tions of the wheel counted during a timed period of test. 

The average speed of the machine is found by dividing the 

total number of revolutions shown by the counter by the tota~ 

time the counter was engaged. 

A d.c. tachometer which produces an output voltage 

proportional to speed of the machine, may be used to measure 

speed. 4 ' 18 A pulse counting device can also be used. The 

device uses a combination of a toothed wheel and a magnetic 

pickup. The toothed iron wheel passing under the magnetic 

pickup produces an electrical pulse each time one tooth 

passes. 4 



1.3 FLOWRATE DETERMINATION 

The simplest method of measuring the amount of fuel 

consumed by the tractor engine is to weigh the fuel using 

9 

a balance. Adjust the balance, and as the fuel is consumed 

by the engine the scale will gradually approach the balance 

point, where the stop watch is started and the pan weight 

is recorded. At some later time the watch is stopped and the 

weight of fuel is recorded. The difference between the two 

weights is the amount of fuel consumed in the time indicated 

by the watch. 

A second method is to measure the volume of fuel used 

in a timed interval. 

A rotameter (constant pressure drop, variable area 

meter) consists of a vertical tube with tapered bore in which 

a float assumes a vertical position corresponding to each 

flowrate through the tube. 2
'

4
'

8 

A turbine flowmeter consists of a turbine wheel placed 

in the fuel pipe line of the engine, the rotary speed depends 

on the fuel flowrate. The speed can be measured simply by 

counting the rate at which turbine blades pass a given point, 

using a magnetic pickup to produce voltage pulses. 3
'

4 

1.4 EXHAUST GAS ANALYZER 

The testing of the composition of the exhaust gases 

provides a useful check on the air-fuel ratio and therefore, 

on combustion. Ordinary fuels consist of carbon and hydrogen,
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whereas the air consists primarily of nitrogen and oxygen. 

When the fuel is completely burned with air, the principal 

products are nitrogen, water and carbon dioxide. In an actual 

engine the range of mixtures is such that usually an excess 

of either fuel or air exists. When a fuel is partially 

burned, carbon monoxide is formed as well as carbon dioxide 

and hydrogen. An exhaust gas tester for rapid and reasonably 

accurate measurements of air-fuel mixture operates on the 

principle of the Wheatstone bridge and uses the property of 

variation of the thermal conductivity of the exhaust gases 

with change in their CO and C0 2 content. If a constant 

current is passed through a platinum wire placed in the 

exhaust gases, the temperature of the wire will rise until 

the electrical energy supplied to the wire equals the energy

lost by conduction to the gases. The temperature of the wire,

therefore depends on the thermal conductivity of the gases. 

Variations in nitrogen and oxygen have little effect 

as these two gases have practically the same thermal conduc

tivity. All exhaust gas analyzers are calibrated for regular 

commercial gasolines. Any fuel whose chemical composition 

differs appreciably from that of ordinary gasoline will 

necessitate a special calibration of the analyzer. 

Exhaust gas testers of this type are generally equip

ped with fittings to hold the sampling tube in position on 

the exhaust pipe .. 2 
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1.5 FUEL EFFICIENCY DETERMINATION 

For the determination of fuel efficiency by applying 

its definition given previously, information about draft, 

speed and fuel consumption is essential. The effect of these 

three factors can be measured with the use of suitable 

devices. The selection of such devices depends on how the 

determination of fuel efficiency is to be made and the manner 

in which the results are to be used. Fuel efficiency can be 

determined in a number of ways: 

(i) Laboratory determination of fuel efficiency: 

Any combination of three separate devices mentioned 

in this chapter can be used, because the output of such 

devices indicates draft, speed and fuel consumption. The 

types of devices selected determine how the tests should be 

conducted. It may be required to run the tests for a certain 

period of time for the determination of fuel efficiency. 

Each test requires a calculation to arrive at a value of 

efficiency. 

(ii) Field determination of fuel efficiency: 

In this method, fuel efficiency should be computed 

instantaneously on a continuous basis, so that the tractor 

ope~ator would be able to observe changes in efficiency on a 

suitable meter when field conditions change. 

The most satisfactory way of computing instantaneous 
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efficiency appeared to be through the use of a simple analogue 

computer. This choice meant that it was necessary to choose 

transducers to indicate draft, speed, and fuel consumption 

which had electrical outputs suitable for use in the computer. 

1.6 OBJECTIVE 

The object of this research is to develop a tractor 

fuel efficiency meter using various devices that provide the 

measurements of fuel efficiency and to evaluate its field 

performance using a load test tractor to simulate the effect 

of soil reaction on tillage implements. 

Development of the system involves selecting suitable 

devices for the measurement of draft, speed and fuel consump

tion, developing a method of computing fuel efficiency 

electrically and indicating continuously fuel efficiency.



2. THEORY AND EXPERIMENTAL PROCEDURE

The selection of the various components for the 

development of a fuel efficiency meter should be based on 

cost, reliability and accuracy. 

3 

Generally, turbine flowmeters available in the market 

are expensive, therefore, a study of a low cost vortex flow

meter was done for the measurement of fuel consumption (see 

chapter 3) • Because the design did not provide the infor

mation needed, a turbine meter was used in order to carry 

on with the project. 

An electrical resistance strain gage dynamometer and 

d.c. tachometer were selected for the measurement of draft 

and speed respectively. Each device selected has to produce 

either an analogue or digital output, so that the fuel effici

ency given in chapter 1 can be computed electrically. The 

dynamometer produced an analogue output proportional to draft 

and the d.c. tachometer produced an analogue output propor

tional to speed. The flowmeter output was a frequency pro

portional to flowrate. The best solution seemed to be to 

change the frequency of the flowmeter to a voltage so all 

outputs were analogue. This made possible a continuous 

measurement of fuel efficiency. 

Linearity, accuracy and electrical output of the strain

gages are the main advantages. The small size of the element 
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and the ability to provide an output voltage proportional to 

strain make it more practical to use. 

The principal advantages of the d.c. tachometer genera

tor are accuracy, low cost and linearity between the generated 

output voltage and the speed of the tachometer shaft. 

Linearity and accuracy of the turbine flowmeter are 

its advantages. The meter provides output signals linearly 

proportional to fuel flow. These signals can be converted 

to a d.c. voltage by the use of frequency to voltage con

vertor. 

2.1 ELECTRICAL RESISTANCE STRAIN GAGE DYNAMOMETER 

Electrical resistance strain gages are used as a 

sensing element in transducers for the measurements of force, 

pressure, displacement and other variables by utilizing the 

property of electrical resistance changes in proportion to 

the variable being measured. 3 ' 5 ' 13 

One of the commonly used force transducers in Agric

ultural Engineering is the drawbar dynamometer. These dyna

mometers are employed to determine the drawbar effort of 

power units or to ascertain the draft of field implements. 

Figure 2.1 shows the linear relation between the output 

voltage of an electrical resistance strain gage dynamometer 

and the load. A more detailed description of a drawbar 

dynamometer using electrical resistance strain gages is given 

in Appendix A. 
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Load 

Figure 2.1 Wheatstone bridge output voltage vs. load 

Shaft speed 

Figure 2.2 Tachometer output voltage vs. shaft speed 
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2.2 D.C. TACHOMETER 

The d.c. tachometer generator is a rotating electro

magnetic device which, when mechanically driven, generates 

an output voltage proportional to speed, the polarity of the 

generated voltage being dependent on the direction of 

rotation. 4118 This characteristic can be used in applications 

requiring either shaft speed readout or closed loop control. 

Figure 2.2 shows a relationship between tachometer speed and 

output voltage which can be expressed mathematically as: 

where 

E = .K S 

E is the output voltage generated by the 

tachometer. 

S is the speed of the tachometer shaft. 

K is the proportionality constant between 

voltage and speed. 

2~3 LINEAR FLO\iMETERS 

{ 2 .1) 

Most of the linear flowmeters are devices utilizing 

the idea of sensing the rotation of an element, in which the 

rotating speed of that element is linearly proportional to 

fluid flowrate. 214 These meters can be used for flowrate 

measurements of any kind of fluid simply by calibrating the 

meter using the fluid under consideration as shown in figure 

2.3. 

Sensing the rotation of the turbine blades is the 
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fluid flowrate 

Figure 2.3 -General characteristics of linear flowmeters 
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principle of operation of the turbine meter (see chapter 1). 

The flowmeter used was an example of a linear flow

meter that consisted of a rotating wheel placed in the fluid 

pipe line, such that the axis of rotation of the wheel is 

perpendicular to the direction of fluid flow. A magnetic 

pickup to sense the rotation of the wheel's blades, produced 

voltage pulses proportional to the fluid flowrate. 

A study of a low cost vortex flowmeter had been done 

by Kwok and Farage, 10 in which the vortex principle was 

utilized whereby the volume flowrate was measured by sensing 

the frequency of rotation of a ball contained within a vortex

chamber using a light emitting diode and photo transistor. 

The experimental results using water showed linear measuring 

characteristics over the rated range as shown in figure 2.4, 

while the frequency of rotation of the contained ball was 

found to be dependent on the mass of the ball. An experi

mental model of the vortex flowmeter consisted of a vortex 

chamber that had a hollow circular cylinder with a top plate 

and a central outlet was made of a plastic material. A 

settling chamber was used to provide four tangential inlets 

to the vortex chamber. 

The experimental results using water showed: 

i) For the same volume flowrate, the frequency 

increased as the track radius, mass and diameter of the ball 

decreased. 



ii) Pressure drop.increased when outlet diameter 

decreased. 
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iii) The mass and diameter of the ball had no effect 

on pressure drop. 

2.4 FUEL EFFICIENCY METER COMPONENTS 

Following the selection of the primary transducers for 

draft, speed, and fuel consumption, it was necessary to 

select components and design a circuit to make the appropri

ate changes in signals from the transducers and process the 

result so that the output was a meter deflection proportional 

to efficiency. The components used were two d.c. amplifiers, 

a frequency to voltage converter, an analogue voltage multi

plier and an analogue voltage divider. A d.c. voltmeter was 

chosen as the final output observed by the operator. A block 

diagram of the components is shown in figure 2.5. 

The following is a description of each of the compon

ents and its function in the circuit. 

i) D.C. Amplifier (1): This amplifier is fed by 

the extremely small output voltage of the strain gage 

dynamometer. Through four stages of amplification; one non

inverting and three inverting, the few millivolts applied to 

the input of the amplifier are amplified by a magnification 

factor of 333.4. As a result, the voltage at the terminals 

of the d.c. amplifier (1) becomes in the order of a few volts 

to a maximum of ten volts, which meets the requirements of 
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the analogue voltage multiplier. 

ii) Analogue voltage multiplier: The voltage out

puts of both the d.c. amplifier (1) and the d.c. tachometer 

are fed to the analogue voltage multiplier. The function of 

this multiplier is to multiply the two inputs, which repre

sent draft and speed. As a result the voltage at the output 

terminals of the multiplier is an indication of horsepower. 

A second method, which can be used to determine horse

power without the use of an analogue voltage multiplier, 

utilizes the generated output voltage of the d.c. tachometer 

as an input to the strain gage dynamometer. In this case, 

the output voltage of the strain gage bridge circuit will be 

directly proportional to horsepower. This method was also 

the principle of operation of a strain gage dynamometer for 

direct horsepower indication, built and tested by Zoerb. 17 

Figure 2.6 shows the strain gage dynamometer circuit diagram 

used by .Zoerb, where switch S 2 was used to measure either the 

draft or the horsepower simply by switching from the d.c. 

voltage E to the generator. These measurements were done by 

a direct reading on a d.c. microammeter. 

A field test on that dynamometer showed that 2% to 9% 

error over a range of 0-5000 lbs load and 0-5.25 mph speed. 

Whereas this error is considered to have a small effect on 

horsepower measurements, when such a design is to be used 

for fuel efficiency determination, the error of the dynamo

meter output voltage should be much smaller in order to get 
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a satisfactory accuracy. 

Therefore, the use of an analogue voltage multiplier 

of 1% error will provide an improved accuracy for horsepower 

as well as for fuel efficiency measurements as discussed 

previously. 

iii) Frequency to voltage converter: This converter 

is fed by the output signal of the turbine meter. The a.c. 

signal frequency is then converted to a d.c. voltage of pro

portional magnitude. The voltage across the output terminals 

of the converter is an indication of fuel flowrate. 

iv) D.C. Amplifier {2): This amplifier is fed by 

the small output voltage of the frequency to voltage converter 

(iii). Through two stages of an inverting. amplification, 

the amplified voltage at the output terminals of the d.c. 

amplifier (2) becomes in the order of a few volts to a maxi

mum of ten volts, which meets the requirements of the analogue 

voltage divider. 

v) Analogue voltage divider: The voltage outputs 

of the analogue voltage multiplier which represents horse

power, and the d.c. amplifier (2) which represents fuel 

flowrate, are fed to the analogue voltage divider. The 

function of this divider is to divide the first input by the 

second input. As a result the voltage at the output termin

als of the divider is an indication of fuel efficiency. 

vi) Fuel efficiency meter: An ordinary d.c. volt-
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meter is fed by the output voltage of the analogue voltage 

divider. For fuel efficiency measurements, the voltmeter 

can be calibrated in terms of percent efficiency or in terms 

of horsepower hour per gallon. 

The electrical devices with the proper connections 

used for continuous measurement of fuel efficiency are placed 

in a control box and mounted on the tractor fender as shown 

in figure 2.7. These devices are amplifiers, analogue voltage 

multiplier and divider, d.c. meters and frequency to voltage 

converter. The power supply shown in the figure was used to 

meet the requirements of some of the devices. 



Figure 2.7 ~hotograph of the control box 
mounted on the tractor fender 
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3. EXPERrr~1ENTAL APPARATUS AND CALIBRATION 

In this chapter, a brief description of the various 

apparatus used in the experiments, along with the calibration 

procedure conducted for each of these apparatus are given. 

3.1 ELECTRICAL RESISTANCE STRAIN GAGE 
DYNAMOMETER CALIBRATION 

The dynamometer chosen was an electrical resistance 

strain gage type designed and built in the Agricultural 

Engineering Department, University of Saskatchewan. 

A detailed analysis of its design is given in 

Appendix B. This dynamometer was used for draft measure-

ments and was calibrated using a tension test machine as 

shown in figure 3.1. Table 1 and figure 3.2 show the 

measured values obtained using the tension test machine and 

the calculated values using equation B.l (see Appendix B) 

for the output voltage E0 with different values of the load 

P. 

3.2 D.C. TACHOMETER CALIBRATION 

The tachometer generator used in this experiment is 

a direct current, permanent magnet of serial no. c 7472, 

manufactured by Barber-Colman Company. It produces a 12 

volt output per 1000 revolutions per minute of the tachometer 

shaft. 



Figure 3.1 Photograph of the dynamometer during 
calibration test 
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Table 1. 

Measu~ed and aalauZated values of the 
output voltage for the dynamometer· 

Eo E 0 
Load P measured in calculated in 
pounds 10- 3 volts 10- 3 volts 

0 0 0 
1000 3.1 3.46 
2000 6.1 6.92 
3000 9.1 10.38 
4000 12.2 13.84 
5000 15.2 17.30 
6000 18.2 20.76 
7000 21.2 24.22 
8000 24.2 27.68 
9000 27.2 31.14 

10000 30.3 34.60 
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A 26 inch diameter wheel was used to sense the· actual 

speed of the tractor. This wheel in turn rotates a 2 (15/16) 

inch diameter pulley. A second pulley of 9/16 inch diameter 

is used to rotate the tachometer shaft. 

A d.c. voltmeter is used to measure the generated 

output voltage of the tachometer for various ground speed 

of the 26 inch diameter wheel. The readings .obtained as well 

as the calibration curve are shown in.figure 3.3. 

3.3 FLOWMETER SELECTION 

It was originally planne.d to use a vortex flowmeter 

because the report by Kwok 10 indicated that it would not be 
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Speed Output voltage 

rpm mph volts 
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expensive and would have a low pressure drop, both desirable 

for an efficiency meter. A model of the same dimensions as 

these reported by Kwok was built and tested. These tests 

showed that the range of measurable flow was too high for 

the efficiency meter.. Since time was short for field tests, 

a commercially available turbine meter was substituted. 

3.3.1 Turbine Meter 

The experimental arrangement shown in figure 3.4, was 

used for calibrating the turbine meter. Fuel flowrate 

measurements were obtained using a stop watch and graduated 

cylinder. A flow control valve was used to control the flow 

of fuel to the meter. A frequency meter was used to measure 

the output frequency of the meter which proved to be proper-

tiona1 to the fuel flowrate as shown in figure 3.5. 

Table 2 

Readings taken during calibration. 
of the turbine, meter 

Flowrate Frequency 

cm 3 /sec g/hr Hz 

1.81 1.43 16 
2.38 1.89 22 
3.18 2.52 32 
4.62 3.66 48 
7.20 5.7 74 
8.46 6.70 92 
9.68 7.67 103 
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The fuel flowmeter used in this experiment was a 

turbine meter, model MF 20-4157 manufactured by Potter Aero. 

Corp. and shown in figure 3.12. This meter showed high 

pressure drop during the calibration compared to 5 to 8 psi 

pressure supplied by the fuel pump in the tractor. The 

inlet orifice of the meter was replaced by another one of 

larger diameter in an attempt to reduce the high pressure 

drop across the meter, then the flowmeter was recalibrated 

using the new orifice. 

For an incompressible frictionless fluid, the volume 

flowrate Q through an orifice can be expressed as: 4 

Q ...• (3.1) 

where A1 = pipe cross-section area. 

A2 = orifice cross-section area. 

~p = pressure drop across the orifice. 

p = fluid mass density. 

From equation (3.1), it is clear that the pressure 

drop across the orifice can be reduced by increasing the 

cross-section area of the orifice. 

3.3.2 The vortex flowmeter 

Due to the high pressure drop and high cost of the 

turbine meter, further work was done on the vortex flowmeter 
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to determine if it could be redesigned to meet the low flow 

requirements needed in the efficiency meter. 

A number of modifications were made in the design 

proposed by Kwok 10 trying to increase the frequency of 

rotation of the ball to improve the low flowrate measuring 

characteristics. These include: 

i) Changing the track radius. 

ii) Changing the outlet diameter. 

iii) Changing the vortex chamber height. 

iv) Changing the inlet diameter. 

v) Changing the circular cylinder internal diameter. 

A series of tests was made on the flowmeter to 

determine its suitability for use in an efficiency meter. 

The tests were conducted first with water using a steel ball 

and a plastic ball and then the tests were repeated for water 

and diesel fuel using the two balls. The specific gravity of 

the plastic ball was approximately equal to one. 

Tests were also made to determine the effect of in

clining the plane of the track with respect to the horizontal. 

If the inclination affected the output of the meter, it would 

not be suitable because a tractor does not always remain level 

during tillage operations. 

The second experimental model of the vortex flowmeter 

used and shown in figures 3.13 and 3.14 has a vortex chamber 

consisting of a hollow circular cylinder and a top plate made 
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of plastic ... 

The circular cylinder 1~ inches internal diameter, has 

four tangential circumferential inlets 1/16 inches in dia

meter (provided through a settling chamber), an outlet of 

1/8 inches and a rectangular track 1/8 inches wide and 9/64 

inches deep, at a radius of 17/64 inches. 

The top plate is made to fit inside the cylindrical 

piece providing an internal height of the vortex chamber of 

1/16 inches for a ball of 1/8 inches diameter. An 0-ring 

was used between the top plate and the cylindrical piece to 

prevent leakage. 

Four elements of an Opto-Pair reflective transducer 

(a combination of a light emitting diode and a photo tran

sistor) were used as sensing devices for the rotation of the 

ball. These four elements were placed along the circular 

track in order to increase the frequency output of the con

tained ball. 

One of the characteristics of these transducers is 

sensitivity dependent on target materials. They are more 

sensitive to the more reflective surface. Therefore, the 

bright white color of the plastic ball was expected to be 

more reflective than the steel ball, as was noticed during 

the laboratory tests on the meter. 

Plots of the test results are shewn in figures 3.6 

to 3.11 inclusive. Examination of these plots give the 
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following information on the behavior of the vortex flow-

meter: 

i) A linear characteristic between the frequency 

and the volume flowrate, due to the formation of a free 

vortex within the vortex chamber. The free vortex motion 

occurs naturally when fluid masses move in curved paths. 12 

At the same flowrate, the circulation constant is the same 

(the product of the velocity of flow and the radial distance 

from the center of the vortex motion), and consequently 

higher velocity of flow is associated with a smaller radius. 

ii) The frequency of rotation of the plastic ball is 

increased by six to eight Hertz within the range tested over 

that of the steel ball (figures 3.6 and 3.7), when tested in 

both the water and diesel fuel. This difference in frequency, 

at the same flowrate, is due to the difference in density 

between the two materials, that caused a higher velocity with 

the lighter ball. 

From the fluid dynamics point of view, two balls with 

identical geometrical configuration subject to the same flow 

conditions would have identical drag force acting on them. 

The drag force exerted by a moving fluid on an immersed body 

can be written as: 

= •••• (3.2) 

where = drag coefficient. 



A = the projected area perpendicular to the 

direction of flow. 

p = the density of the flowing fluid. 

V = the velocity of the flowing fluid relative 
to the body. 

The drag coefficient c0 is a function of Reynolds 

number only for any given body, when the velocity is less 
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than the sound velocity, and with an incompressible flowing 

fluid. 

iii) The position of the vortex flowmeter with the 

horizontal plane has a negligible effect on linearity, due 

to the formation of a free vortex as discussed previously. 

Figures 3.8 and 3.9 show the calibration of the meter at a 

horizontal position, 45 degrees and at a vertical position. 

The minimum volume flowrate is obtained with the meter being 

placed horizontally, this is mainly because a smaller drag 

force is needed since the ball does not have to be raised. 

iv) Figures 3.10 and 3.11 show that the frequency of 

rotation of the ball increases with the same flowrates as 

the density of the flowing fluid approaches that of the con-

tained ball. The difference in density and viscosity between 

the water and diesel fuel causes different drag coefficients, 

and therefore, a difference in drag forces is expected, 

because the drag coefficient is a function of Reynolds number 

only. Also, at various velocities of the flowing fluid, 

different Reynolds number values are expected for different 
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Figure 3.12 Photograph of the turbine meter 

Figure 3.13 Photograph of the vortex flowmeter 
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Figure 3.15 Photograph of the experimental setup in 
the laboratory 
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fluids. Therefore, variations in drag forces are also 

expected .. 
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The experimental setup shown in figure 3.15 was used 

for testing the various components of the fuel efficiency 

meter in the laboratory .. 

3 .. 4 FREQUENCY TO VOLTAGE CONVERTER 

The frequency to voltage converter used in this 

experiment was a Teledyne Philbrick model 4702 which pro

vides a linear conversion of frequency-coded information to 

an analogue voltage whose amplitude is proportional to the 

frequency of the input signal.. External components can be 

used to adjust the frequency range and to cut down the 

ripples of the output at lower frequencies. 

Figure 3 .. 16 shows a typical characteristic of model 

4702 frequency to voltage converter. 

A low cost analogue frequency to voltage converter was 

built by using a combination of a monostable multivibrator 

and resistor-capacitor circuit. .The monostable multivibrator 

is a device used to convert any shape of voltage pulses to 

square pulses of a constant amplitude with a duration depend

ing on the time constant of the multivibrator's circuit. The 

square pulses of the monostable multivibrator are fed to a 

resistor-capacitor circuit, so that the output voltage can 

be measured across the capacitor. This design can be used 

for any range of frequency simply by choosing suitable values 
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for the time constants of the circuit. 

A circuit was built for a frequency range of 0 to 100 

Hz, which provides a linear relation between input frequency 

and output voltage. 

Figure 3.17 shows the circuit diagram and the input 

frequency vs o~tput voltage. 
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4. RESULTS AND DUSCUSSIONS 

A Massey-Ferguson 1150 and load test tractors were 

used to test the fuel efficiency meter on a well packed 

. gravel road as shown in figure 4.1. All readings were ob

tained from d.c. voltmeters. The draft voltmeter was 

calibrated so that a range of 0-10 volts was equivalent to 

0-10,000 lbs, the speed voltmeter range of 0-5 volts was 

calibrated to an equivalent of 0-10 mph, the fuel consump-

tion voltmeter range of 0-10 volts was equivalent to 0-10 

gallons per hour. Drawbar horsepower is the product of 

draft (in pounds) and speed (in mph) divided by a constant 

(375). With the given calibration values of draft meter 

(1000 lbs per volt) and speed meter (2 mph per volt), the 

constant was found to be 5.33 drawbar horsepower per volt. 

The drawbar horsepower was calculated as follows: 

DBHP = (D) {S) 
375 

D = 1000 v
0 

s = 2 v5 

DBHP = 
(lOOOV0 ) (2Vs) 

375 = 

48 

Therefore, the output of the analogue voltage multiplier is 

a voltage equal to the product of Vn and v5 • 
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DBHP = 5.33 V0 

Fuel efficiency is the ratio of drawbar horsepower (in hp) 

to fuel consumption (in gph) or hp·hr/gal. Therefore the 

fuel efficiency voltmeter range of 0-5 volts was equivalent 

to 0-26.65 horsepower-hour per gallon (1 volt was equivalent 

to 5.33 hp·hr per gallon calculated as follows: 

= = hp·hr 
5.33 gal 

Fuel Efficiency in hp·hr/gal = 5.33 Veff 

The components used are all linear which has the 

advantage in a direct reading of the quantity to be measured 

simply by calibrating the d.c. voltmeters in terms of the 

variables being measured. 

For every test conducted, readings of draft, fuel 

consumption and fuel efficiency were obtained by applying a 

constant force using the load test tractor and increasing 

throttle opening to vary the speed of the tractor under test 

(M-Fll50). 

Readings given in tables 3 and 4 were obtained during 

two consecutive days of field testing. 

4.1 EFFECT OF SPEED ON DRAFT OF A 
TILLAGE TOOL 

The static forces acting on a tillage tool are the 

weight at the center of gravity of the tool, soil forces 
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Figure 4.2 
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Load 
test 
tractor 
gear 
no. 

1 

----.-

2 

-----

3 

-----

4 

Table 3 

Readings obtained during the fie~d test 

Speed Draft Fuel Consumption Fuel Efficiency 

meter meter meter meter calculated 
reading reading reading reading in 5.33 hp.hr 
volts mph volts pounds volts gph volts per gal 

0.5 1 2.7 2700 2.2 2.2 0.5 . 0 .61" 
1 2 3.2 3200 2.7 2.7 0.95 1.18 
1.5 3 4.0 4000 3.6 3.6 1.55 1.66 

--·------r--------- --------·-- ------------
0.5 1 1.5 1500 2.1 2.1 0.25 0.35 
1 2 2.2 2200 2.8 2.8 0.6 0.78 
1.5 3 2.4 2400 3.0 3.0 1.3 1.2 
2 4 2.6 ·2600 3.3 3.3 1.6 1.58 -------- --------- -·-------- ------------0.5 1 1.0 1000 2.0 2.0 0.25 0.25 
1 2 1.4 1400 ~2.4 2.4 0.4 0.58 
1.5 3 1.5 1500 2.6 2.6 0.9 0.86 
2 4 1.8 1800 3.0 3.0 1.25 1.20 
2.5 5 2.0 2000 3.2 3.2 1.5 1.56 
3 6 2.3 2300 3.3 3.3 1.75 2.09 

------·--
_______ ...;.._ 

--------- ------------
0.5 1 1.2 1200 2.0 2.0 0.35 0.3 
1 2 1.2 1200 2.3 2.3 0.5 0.52 
1.5 3 1.3 1300 2.5 2.5 0.7 0.78 
2 4 1.3 1300 2.5 2.5 1.0 1.04 
2.5 5 1.4 1400 2.8 2.8 1.15 1.25 
3 6 1.5 1500 3.2 3.2 1.3 1.4 
3.5 7 1.8 1800 3.6 3.6 1.55 1.75 

~------

Ul 
....... 



Load 
test 
tractor 
gear 

no. 

1 

-----

2 

-----

3 
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4 

Table 4 

Readings obtained during the fieZd test 

Speed Draft Fuel Consumption Fuel Efficiency 

meter meter meter meter calculated 
reading reading reading re·ading in 5.33 hp.hr 
volts mph volts pounds volts gph volts per gal 

0.5 1 2.3 2300 2.6 2.6 0.4 0.44 
1.0 2 3.0 3000 3.0 3.0 0.95 1.0 
1.5 3 3.8 3800 3.5 3.5 1.55 1.63 

------- ---------- --------- ------------
0.5 1 1.0 1000 2.0 2.0 0.3 0.25 
1.0 2 1.5 1500 2.5 2.5 0.7 0.60 
1.5 3 1.8 1800 2.6 2.6 1.2 1.04 
2.0 4 2.5 2500 3.1 3.1 1.65 1. 61 

--------1---------- --------·- ------------
2.0 4 2.8 . 2800 3.3 3.3 1.5 1.69 
2.5 5 2.0 2000 3.1 3.1 1.55 1.61 
2.5 5 3.6 3600 4.3 4.3 2.3 2.09 
3.0 6 4.2 4200 4.8 4.8 2.7 2.62 

--------1---------- --------- ------------
3.0 6 1.8 1800 3.7 3.7 1.4 1.45 
3.5 7 2.0 2000 4.3 4.3 1.65 1.62 

---------~-- -- -~ ---~- --- ---------- -- - - -·-

U1 
tv 
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acting on the tool and the forces acting between the tool 

and the prime mover. 6 This force system is in equilibrium 

if no acceleration is involved. When such a tillage tool is 

to be operated at a constant acceleration, then there are 

many forces acting on the tool. These forces are due to 

cutting, sliding friction, shear and acceleration. 6 Kepner 

explained that increased draft due to increasing speed is 

mainly because acceleration forces increase the normal loads 

on soil engaging surfaces, thereby, increasing frictional 

resistance. Also, he expressed the relation between draft 

and speed in an.equation of the form: 

••.. (4.1) 

where = draft at speed s. 

= static component of draft, independent of 

speed. 

S = forward speed. 

K = a constant whose. value is related to 

implement type and design and to soil 

condition. 

4.1.1 Effect of speed on draft of the 
Zoad test tractor 

The values obtained for draft (using an electrical 

resistance strain gage dynamometer shown in figure 4.2) at 

various forward speed of the tractor are illustrated in 
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figure 4.3. These values showed an increase in draft with 

increased speed. The main factors causing this increase are: 

1) Increased draft due to the increase in oil pump-

ing when the speed is increased. This is the characteristic 

of the load test tractor. 

2) The coefficient of rolling resistance for pneu-

matic tractor wheels on concrete is not constant. 6 

A lower gear number of the load test tractor provides 

higher frictional forces, thereby, increasing the draft for 

the same forward speed of the tractor, so that a range of 

draft can be obtained for a given speed. 

The shape of the curves obtained for draft vs speed 

using a load test tractor are similar to those curves found 

by many researchers for several kinds of tillage implements. 

Therefore, the use of a load test tractor to simulate the 

effect of soil reaction on tillage implements gives a reason-

able substitute for a tillage implement for testing the fuel 

efficiency meter. 

4.2 EFFECT OF DRAWBAR HORSEPOWER 
ON FUEL CONSUMPTION 

The values of drawbar horsepower were not measured, 

as they can be obtained simply by multiplying the product of 

draft and speed by a constant. The output voltage of the 

analogue voltage multiplier is an indication of drawbar 

horsepower that can be measured by a d.c. voltmeter. 
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A relationship between drawbar horsepower and fuel 

consumption is expressed by an equation proposed by the 

A.S.A.E., Farm Machinery Management Committee (1963) 19 

fuel, gallons per hour = 

56 

hp·hr per gal, at the equivalent hp output 
equivalent PTO hp required (1.20) ••.• (4.2) 

This equation gives a linear increase in fuel consumption 

as the drawbar horsepower is increased. Drawbar horsepower 

(PTO equivalent) is a function of axle horsepower and PTO 

horsepower. 

Figure 4.4 shows the relation between fuel consumption 

and drawbar horsepower obtained during the field test. This 

relation is not linear as predicted by the A.S.A.E. equation 

because an increase in fuel efficiency is obtained at higher 

drawbar horsepower. Increasing the speed and draft increases 

drawbar horsepower without increasing the losses in the same 

ratio. 

4.2.1 Effect of draft on fuel consumption 

Curves of fuel consumption vs draft at constant speed 

are shown in figure 4.5. When draft is increased at constant 

speed, it will cause an increase in drawbar horsepower because 

of the direct relation between draft and drawbar horsepower 

at constant speed. The shape of the curve (figure 4.5) is 

not linear as predicted by equation (4.2) due to the increase 

in fuel efficiency as shown in figure 4.6. 
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4.2.2 Effect of speed on fuel consumJ1tion 

During the field test, speed was increased by increas-

ing throttle opening, thus causing an increase in fuel con-

sumption. Figure 4.7 shows the relation between speed and 

fuel consumption at constant draft. 

When the speed is increased, it will cause the drawbar 

horsepower to be increased porportionally due to the direct 

relation between speed and drawbar horsepower at constant 

draft. The shape of the curve (figure 4.7) is not linear as 

predicted by equation (4.2) due to the increase in fuel 

efficiency as shown in figure 4.8. 

4.3 EFFECT OF DRAWBAR HORSEPOWER ON 
FUEL EFFICIENCY 

An increase in fuel efficiency was found due to in-

creased drawbar horsepower. This increase in drawbar horse-

power is mainly because of an increase in draft and speed. 

Figure 4.9 shows this characteristic as obtained during the 

field test of the fuel efficiency meter. 

Drawbar horsepower and horsepower required to move 

the tractor (to overcome friction and rolling resistance) are 

two types of power that must be provided by the tractor 

engine in order to pull the load test tractor. Fuel effici-

ency is defined as a function of drawbar horsepower only, 

therefore, the curve in figure 4.9 gives zero fuel efficiency 

at zero drawbar horsepower (no load). The curve is expected 
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to be increased as drawbar horsepower is increased until a 

maximum value of fuel efficiency is obtained. 
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When drawbar horsepower is increased, an increase in 

part or in all the three factors; friction, rolling resistance

and wheel slippage depending on how the increase in drawbar 

horsepower occurs. Slip takes place between zero percent 

and one hundred percent (zero speed). 

When drawbar horsepower is at a value where maximum 

fuel efficiency occurs, the effect of wheel slippage on fuel 

efficiency is considered to be small as well as friction and 

rolling resistance. But, as drawbar horsepower is increased 

beyond the point where maximum fuel efficiency occurs, slip 

will take place significantly and fuel efficiency will be 

decreased until a zero value occurs, where slip is at 100 

percent. 

The error in fuel efficiency measurement obtained 

during the field testing is probably small compared to the 

human error in attempting to estimate an average value of 

the reading being taken, mainly because of the instantaneous 

variation in draft. Calculated vs measured values of fuel 

efficiency are plotted as shown in figure 4.10. 

Nebraska tractor tests show similar plots for fuel 

efficiency vs drawbar horsepower_ for different makes of farm 

tractors 19 (figure 4.11). 

None of the data show the decrease in efficiency 
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predicted for high drawbar loads. This results from the 

load test tractor being too small to load the M-F 1150 

beyond its maximum efficiency. It is felt that the tests 

did establish that the fuel efficiency meter is capable of 

indicating efficiency with reasonable accuracy even though 

the maximum efficiency was not exceeded. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

5.1 CONCLUSIONS 

1) The apparatus used for the measurement of draft, 

speed and fuel consumption are all linear, which have the 

advantage in a direct reading of the variable being measured 

simply by calibrating the d.c. voltmeters in terms of pounds 

pull, miles per hour and gallons per hour respectively. This 

makes a fuel efficiency meter simpler to design. 

2) The fuel efficiency meter can be calibrated in 

terms of fuel efficiency percent or pounds per horsepower

hour to provide a more common term for the evaluation of 

fuel efficiency. 

3) The effect of speed on draft obtained using the 

load test tractor was found to be similar to that found by 

researchers using farm implements in the field. This shows 

that the load test tractor provides a reasonable substitute 

for a tillage implement in testing the fuel efficiency meter. 

4) Measurements of fuel consumed per acre can be 

made. This requires a simple electric circuit that combines 

fuel consumption per hour, speed and width of cut by the 

implement (using a resistance potentiometer). 
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5) The meter used for fuel consumption measurements 

was a turbine meter type. This type of meter shows high 

pressure drop due to a very small inlet orifice. 

6) The vortex flowmeter when tested in water and 

diesel fuel shows linear measuring characteristics making 

it easily adapted to use in an efficiency meter. 

7) The frequency of rotation of the contained ball 

changes with a change in the density of the ball and with 

the track radius. A better measuring characteristic can be 

achieved by using a ball with specific gravity approaching 

that of the flowing fluid. 

8) The position of the vortex flowmeter with the 

horizontal plane has a negligible effect on the measuring 

characteristics. 

9) A low cost vortex flowmeter can be used on Agric

ultural tractors for the measurement of fuel flowrates. 

10) The results of this study show that it is possible 

to build a relatively low cost efficiency meter for use on 

farm tractors. This meter will indicate efficiency with 

sufficient accuracy for the operator to be able to adjust his 

implements for maximum fuel efficiency consistent with 

acceptable tillage operations. 



5.2 RECOM!-lliNDATIONS FOR FUTURE WORK 

The purpose of this study was to build and test a 

fuel efficiency meter as pointed out previously. The 

selection of the devices for this purpose was based on the 

availability of such devices in the laboratories of the 

Engineering building to eliminate the time required in 

ordering and shipping. 
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The economy of building a fuel efficiency meter should 

be considered. This includes the selection of proper devices 

at a lower cost that are available in the market or building 

some of these devices that are inexpensive. 

The economic importance of operating tillage and 

seeding machinery at higher tillage efficiency is required. 

In order to improve tillage efficiency and at the same time 

provide lower fuel consumption, a fuel efficiency meter is 

required on the tractor. This meter will provide an excel

lent feature to future generations of farm tractors. 
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APPENDIX A 

ELECTRICAL RESISTANCE STRAIN GAGE 
FORCE TRANSDUCER 

The gage factor of a strain gage is an index of the 

strain sensitivity of the gage and can be expressed math-

ematically as: 5113 
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GF = LlR/R 
LlL/L = • • • • (A .1) 

where LlR = the change in gage resistance, ohms. 

R = the initial gage resistance, ohms. 

LlL = the change in gage length, in. 

L = initial length of the strain gage or gage 

length, in. 

E: = strain in/in. 

Since the change in gage resistance LlR is too small 

to be measured with an ordinary ohmmeter, a Wheatstone bridge 

circuit is used. Using a strain gage of an initial electrical 

resistance R1 mounted on a cantilever beam and connected to 

the circuit as shown in figure A.l, the characteristics of 

the strain gage can be calculated. 

Values of the load P can be measured by calibrating 

the galvanometer G in terms of pounds. For every increase 

in load P by LlP, the strain gage will show an increase in 



Figure A.l 

p 

Strain gage 1 

y 

Measurement of load P using strain gage and 
Wheatstone bridge circuit. 
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resistance R1 by ~R proportional to the increase in load. 

These changes in gage resistance will unbalance the bridge 

and deflect the galvanometer needle. 

Theoretical derivation of the general formula and 

method of calibration for strain gages are shown in the 

following: 

E0 = difference in potential between points x and y 

= v R(~R) ] 
2R(2R+~R) 

2R >>> ~R 

R1 = R2 = R3 = R4 = R 

Eo = v (~~) 

By definition, GF = ~R/R 
E: 

Therefore, E 0 = ( V} ( GF) ( s } ( ~} 

General form, E0 = ( V) ( GF) ( s ) ( n I 4 } • • • • (A. 2) 

where n = number of active bridge arms. 

V = input voltage, volts. 

E0 = output voltage, volts. 
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Since the input voltage V and the gage factor GF are 

constants, then the strain s is the only variable dependent 

on the load. Therefore the output voltage E0 is directly 

proportional to the load P. 

Calibration of strain gage instruments requires a 

shunt resistor, Real' connected in parallel with one of the 

four resistances in the Wheatstone bridge circuit, as shown 

in figure A.l. 

have: 

When switch S 1 is closed for calibration, i.e. we 

~R 

= ~R/R 
GF 

R 

= 
R + Real 

for one active arm. 

Therefore, R for n active arms. 

• • • • (A. 3) 

and E = V(R) 
0 cal 4(R +Real> 

• • • • (A. 4) 

where = simulated strain, in/in. 

E = output voltage at shunting Real' volts. 0 cal 

The resistance of most conductors changes with temp-

erature, which leads to an error in strain measurements. 
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Therefore, a dummy gage can be used on an unstrained piece 

of the same metal as that to which the active strain gage is 

bonded and exposed to the same temperature conditions. Con

necting the dummy gage in an adjacent arm of the bridge 

circuit, will cancel the effect of temperature variation. 

To provide a self temperature compensation and magnified 

output voltage, two active strain gages can be used {n = 2) 

and connected in adjacent arms of the bridge. 



APPENDIX B 

THEORETICAL ANALYSIS OF THE STRAIN 
GAGE DYNAMOMETER 

76 

In the following, a study of the theoretical analysis 

for the strain gage dynamometer used in this experiment for 

draft measurements is discussed briefly. Design dimensions 

of the dynamometer and location of the strain gages in both 

the dynamometer and the Wheatstone bridge circuit are illus-

trated in figures B.l, B.2 and B.3 respectively. 

For a beam with both ends built-in, the moment at the 

ends is equal toP~ in.lb. 15 , 16 

L is the length of the beam in inches. 

P is the concentrated load at the center of 

the beam in lbs. 

From figure B.2, 

The moment at points a and b = Ma = Mb PL 
= = --a -0.94 P in.lb. 

PL 
Me = 8 = 0.94 P in.lb. 

Me 
Md = Me = L/4 (7/8) = 0.467 Me = 0.439 P in.lb. 

The stress at points a and b caused by Moment Ma and ~ 

where 

= oa = ob = 
M C 

a 
I 

psi. 

C is the distance in inches to the neutral axis. 



5~ 

Dimensions in inches 
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Figure B.l Design dimensions of the dynamometer 
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Figure B.2 Beam with both ends built-in, moment diagram 
and strain gages location for the dynamometer 



Figure B.3 

Figure B.4 
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Location of the strain gages in the 
Wheatstone bridge 

Shunt resistor and strain gages circuit 
diagram 
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I 

I = 

c = 

I = 

The strain 

is the moment of inertia of the cross-section 

of the beam in in4 • 

bd 3 
for rectangular cross-section. 12 

deEth 

bd 3 

12 

0 a 

= 

of beam d 7/8 = = -2 2 -2-

1.31(7/8) 3 

= 0.0731 12 

-0.94P X 0.4375 
0.0731 

0c = 5.62 P psi~ 

0.4375 inches. 

inches 4
• 

= -5.62 P psi. 

0d = 0 = 0.467 ( 0 ) = 2.63 p psi. 
e c 

Oa -5.62 p 
at points a and b = E: = E:b = = a E 30 X 10 6 

= -0 .18 7 X 10- 6 p in/in. 

E = modulus of elasticity of the material of the beam 

= 30 x 10 6 psi for steel. 

s = O.l87xl0- 6 P c 

since, 

in/in. 

in/in. 
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Therefore, (-~R) change in strain gage resistance of a and b, 

there will be (0.467)~R change in gage resistance of d and e. 

In figure B.3, E0 = voltage at point x - voltage at point y 



Eo = V 
R - llR a - v 

R + 0.467l\R 
e 

Re+0.467llR+~-llR 

Strain gage resistance = R = Ra = ~ = Rd = Re = 350 ohms. 

1. 467 ll R 
2R - 0.533 ll R 

0.533l\ R <<< 2R 

By definition, gage factor 

where 12 volts. 

2.1. 

2. 934 

- v 2.934 
4 

= GF = llR/R 
e: 

o .187 x lo- 6 P in/in. 
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E0 = 12 X 2.1 X 0.187 X 10- 6 p X 
2 ·~ 34 = 3.46 X 10- 6 p VOltS • 

• • • • (B.1) 

where K is a constant = 3. 46 x 10- 6 volts/lb. 

The four strain gages a, b, d, and e cemented to the 

dynamometer are then connected in the Wheatstone bridge 

circuit as shown in figure B.3; this connection has the 

advantage of a self temperature compensation, which means 
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that there will be no measurements error due to temperature 

variation. The second advantage is that the output voltage 

is magnified by a factor of 2.934. 

B.l.l Calibration 

Using a shunt resistor R 
1 

= 40,000 ohms (shown in ca 
figure B.4). Equation A.3 gives 

R 
GF(R + R 1 )n ca 

= 
350 

2.1 (40350) 2.934 

and from equation A.4 we get 

= 1408 x 10- 6 in/in 

E = 0 cal 
-::---.:-__.._< v __ )_(;.._R....;..)---=- = 
4 (R + R 1 ) ca 

12 X 350 
4 (40350) 

= 26.02 x 1o- 3 volts. 

This value of E0 1 
will appear on the draftmeter as 8.7 

ca 

volts, since the amplification is 333.4. 
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