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SUMMARY .

“Theﬁobject of this research was to investigate the period of ﬁime
during-ﬁhich the c¢lutch plates of a motor vehicle are engaged to effect
a start from rest. The problem was approached from two sides, firstly
a mathematical model has been produced in the form of a digital computer
program. 8econdly, practical investigations were undertaken in order to
‘shed more light upoﬁ certain problem areas highlighted whilst developing
‘thé mathematical model. Finally the two types of investigations were
combined to give a more realistic_model of the engagement period than any
that had previously been published.

The mathematical model allowad.parametric studies of the c1u£ch to be
made giving details of slip time, speeds,\clamp load, friction level,
heat generated and the one dimensional temperature distribution through
one half of the clutch assembly. Two methods for the solution of the
temperature distiibution problem were used in order to give a cross
check auring the development of the mathematical model., Stability of the
two methods has been investigated and limits_suggested-which if adhered
to prevent instability errors occﬁrring.

Practical work on a test rig was carried out in order to investigate

the variation of friction levels during the engagement period and also

the temperatures reached. A test vehicle was instrumented to find out how

the general.public operated the clutch in service and how their operation
varied with test conditions i.e. gradients and traffic conditions.

Finally a computer controlled test rig comprising of an engine, clutch
“with electro-hydraulic ram operation and inertia flywheel was‘developed,
This rig was completely éutomatic and could be used to simulate different

engagement rates, gradients and, if inertia were added or subtracted,




; different vehicles.

The result has been that a useful tool, in the form of an easily

“used cbmputer program has been developed, the limitations of which have

been investigated. Also, a test facility has been developed which can
be programmed to simulate in vehicle use. The model and test rig
produced lend themselves to extension to further work in the area of clutch

and transmission vibrations, especially clutch judder.
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 NOTATION

Area of frictional contact ) m
Matrices defined in the text
Arbitrary constant
Constants defined in the text
Biot number
Specific heat . J/Kg/OC
Fourier number’
Coefficient of forced convection W/m2/°C
Coefficient of heat transfer across 2 o
Interface thermal resistance _ Wm“/ C
Engine Inertia _ Kg'm2
Equivalent vehicle inertia : Kg m2
Thermal conductivity Ww/m/°c 7
Number of friction faces on the clutch
Number of finite elements in frictioﬁ material

- Number of finite elements in metal member
Clamp Load N
Heat flow : J
Heat flow out of the back face of the
metal member : W
Heat generated by friction W/m3
Heat flow across geometrical centre
of centre plate : ' W

First gear ratio



Rl

R2

Clutch outside radius

Clutch inside radiu$-

Mean clutch radius

Clﬁtch-torque
Drag torque
Engine torque

Time

Elemental volume

Linear slip speed at mean radius

Distance intoc material
S8lip speed
Thermal diffusivity

Temperature

Temperature of sﬁrrounding air
Temperature at back face of metal member
Temperature at a fictitious mesh point
Engine speed

Prope;ler shaft speed

Coefficient of distribution of heat
Densify

Inlet Manifold Depression

Small time interval

Small distance interval

Coefficient of friction

rads/sec

.mz/sec._

C

rads/sec

rads/sec

Kg/m
mm. Hg .

secs



Mg ' : Static coefficient of friction
u : Coefficient of friction at high slip
oo .. . . -5 .

velocities : :

Suffices

1 Friction material

2 - Metal member

T ' Total heat generated

i Mesh point, distance co-ordinate

j

Mesh point, time co-ordinate
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CHAPTER 1

INTRODUCTION
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An automotive single plate ciutch cqmprises of a centre plate, a
diaphragm spring pressure plate assemble, Plate No. 1.1, and the engine
flywheel. When assembied the diaphraém spring assembly is bolted to the
flywheel with the centre plate sandwiched in between. The job of the clutch .
assembly is to provide an infinitely variable speed ratio between the vehicle
and the éngine, this duty being performed by a slipping action between the
clamping faces of the flywheel and pressure plate on the centre plate. The
majority of the energy dissipafedlis in the form of_heat,‘which if the
.aésembly has not been designed correctly causes eventual failure of the unit.
The problem‘of thermal faiiure in clutch assemblies is not new but because
of the improvement in facing materials which allow smaller diameter faciﬁgs
- to transmit the same torque levels and also due to the higher average speeds
of modern engines, this type of failure is becoming all too frequent.

Broadly speaking the problems encountered in practice on automotive
clutch assemblies can be_catagorised under one of the following headings:

1. Thermal Failure,
2.  Vibration
3. Mechanical Failure.

These are not neééssarily in order of importance and some problems can
and‘do fall into more than one catagory, in that a mechanical failure of,
say, the release bearing can induce clutch slip thus gemerating excess heat,
causing distortion of the assembly which in turn produces vibration during
the engagement. Some examples of mechanical and thermal failure are shown
in the plates and described in the following text.

Plate No. 1.2 shows a purely mechanical failure, the driving spiines
have been sheared out of the centre.plate.' Plate No. 1.3 is of a clutch

assembly where the release bearing "seized" causing excessive wear of the



ﬁihgefs of the diaphragm spring resulting eventually.in the break-up
of the centre plate. Plate No. 1.4 presents another common mechanical
failure, that of the cﬁshion spring bécoming over stressed and working loose
causing excessive ''rattle' during drive. Plate No. 1.5 shows a pressure
plate that has been subject to excessive heat causing thermal crécking of the
cast iron. Plate No. 1.6 shows a very common mode of failure, usually due to
excessive slip, where the lining material has "dematured” and parted from
~the centre plate.
?urely mechanical failure or any combination of the three induced by
a mechanical failure must be expected where mass produetion and gtatistical
quaiity control is used. But the first two can be avoided, providing that
a designer 1is given enough data concerning the causes and a reliable design
procedure to follow. Both topicé require a separate detailéd study but
havé one thing in common and that is, that they need a proven model of the
engagement periodf A model of a mathematical néture but one that is known
to be representative of the real situation. |
Such a model has been developed during the course of this research
and has been proven agains; practical tests. In the beginning it was
decided that the calculations involved in an analytic solution only, would
limit the models versatility and also make its use unattractive to |
- ﬁesigners who might wish to use it. Further, it was considered that the
thermal problems are of greater concern to the industry at the present
time especially in the light of the proposed European regulations governing
the sale of vehicles within the E.E.C. The proposed regulations, with
respect to clutches state that a fully laden vehiéle with a trailer
attached of weight approximately 507 that of the vehicle must complete

five starts on a 167 gradient at one minute intervals and still be capable



of‘fufther use. .These tests are quite severe and expensive to carry out
(especially if a high probability of success cannot be guaranteed).

There are differeﬁt severitieé oé thermal failure, Plate No. 1.1
shows a before and after situation, on the left is a new pressure plate and
;éntre plate and on the right a used pair,. Tﬁese components came‘from the
test vehicle used in this research, after approximately twenty subjects had
been tested with a total mileage of somewhere in the region of four hundred
: milés. Plate No. 1.7 is a cioée up of the lining material, which is an
asbestos yarn based maferial-with zinc wire inclusions, coiled into an annulus,
and bound with resin.  The deposits in the rivet holes are zinc which has
been "melted” out from thé lining due to excessive heat. The zine can also be
seen deposited upon the pressure plate, Plate No, 1.8, an idea of the
ﬁagnitude of temperatures encountered can be obtained from the fact that
the surface of the metal had been tempered and that melting point of zinc
is 420°C.

Plate No. 1.9 shows a microscopic view of the pressure plate material
structuré, the pressure plate in this case seemed, visually, to have been
unaffected by heat, the structure comprising of random graphite in a matrix
of pearlite; estimated temperatures of around 350°C hgd been encountered.

* Plate Ne. 1.10 however was of a pressure plate whoée surface was similar to
that shown in Plate No. 1.1 and the metals structure had been greatly

_ affecﬁed, estimated temperatures of well in excess of 70Q°C must have been
encountered to cause this structural change. Thus showing that even under
normal running conditions the temperature encountered in the clutch, at the
interfaée, cén be quite severe. Therefore, if the causes and effects of
ovérheating can be studied while a vehicle is still in the design stage

the manufacturer could be saved a great deal of trouble.




A clufcﬁ on the face of it is é simple mechénical system but when

at attempt is made to model this‘system mathematically numerous praétical
difficulties are encountered. These problems have long resisted analytical
sﬁlution but if the problem is approachéd considering a digital computer
solution of the equations and an empirical solution of the practical
restrictions a model describing the engagement period can be developed.
Looking'at the problem as a whole it becomes a control exercise, man
releases the clutch pedél (input), clutch plates transmit torque (output)
and the vehiéle accelerates (feedfback). This would be a simple.feed-back
loop except that a human.being is_involved‘and no two people are alike.
The dynamic equations of the system can be readily solved if the iﬂput to
the system can be.defined i.e. man. :In an attempt to define the input a
test vehicle was used to measure how a driver operates a clutch during the
engagement period, and in what manﬁer this varies with road conditions.
At first, it was thought that a relationship between type of driver and the
manner in which the clutch was operated could be formed but this proved

to be the subject of.very complex research, Driver behaviour has been
stidied by Quenault (29, 30) and déiver aggression by Parry (23) but no
simple or reliable technique has as yet been evolved for general use.' It
‘was also found that no data was avail;ble ﬁn the distribution of drivers,
with respect to age, employment, sex, number of .miles driven, etc.,.and S0
a number of subjects were chosen at random for the tests.

| Given the mathematical model of the engageﬁent period and the practical
results, the next step was to consider the heat flow into the components

of the clutch. Again, digital techniques were employed, which enabied them

to be easily cowbined with the original model . and two methods were used
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to solve the heat conduction problem. Using two methods had the advantage

t%at a cross check on the results was always possible throughout the
development of the model. Heat flow was considered only in one dimension

i.e. normal to the friction surfaces, this is an idealized situation and it was

necessary to check the validity of this assumption. Numerous thermocouples

were inserted into a clutch lining, flywheel and pressure plate, the assembly
being fitted to a test rig which enabled part of the assembly to remain |
stationary'thué facilitating the measurement of the ﬁemperatures. The model
was also used to simulate the‘rig and predict the températures obtained
during engagements. Using this rig it was also poséible to describe the
variation in ;he friction coefficient due to temperature and slip speed;
using an empirical technique.

Having ob#ained a mathematical model and empirically described the
driver's affect on the engagement it was necessary to produce a test rig
upon which tests could be carried out in an attempt to marry the two together
to produce a complete solution.‘ Tﬁis rig had to be able to simulate the
driver's actions on the pedals and the wvarious road conditions encountered
on the tests, which meant automatic control of the clutch and rapid data
acquisition. This obﬁiated the need for computer control of the rig, which
was then built with this in mind, resulting in a versatile and powerful
research tool which could be programmed in the same way as the computer
mathematical model, |

Throughout the research the original aims of producing a design tool
and useful information for the designer have been kept in mind, especially
in the complexity of the model, a designer will not use a design aid, if it

is more economic to build and test the component. The mathematical
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model produced allows parametric studies to be carried out before the

building of a vehicle but it still provides a basis, from which further

research work could be continued along avenues that will be outlined later

in this thesis. Especially, where the probiem of clutch judder and other

fE A
’ ¥

transmission vibrations is concerned, this phenomenon will be seen from the

| '  _- test results to have occurred during both the vehicle and the rig tests.

The work of this thesis therefore concerns:

|
| ®
(b)

(c)
(d)

(e)_

Experimental work on the manner in which a driver

operates a motor car clutch.

Experimental work on the measurement of thé coefficient
of friction of a clutch assembly.

A mathematical model of clutch engagement.

Two models predicting the unsteady, one—-dimensicnal
heat conduction through the component parts of a clutch.
Exéerimental tests of clutch engagément on a rig to

prove the models.
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"CHAPTER 2

"LITERATURE SURVEY

T



&

fhe engagement af a dry friection clgtch requires two separate but
related approaches to effect an analytical solution. First, the dynamics
of the system, Figure No..Z.l, requirés solution to obtain the rate of heat
generation during the engagement period and second, the dispersion of this
héat, by conduction, through tﬁe clutch comﬁoﬁents and also the résulting

temperature rise needs investigation. Heat is generated in a clutch by

the rubbing of two bodies together under pressuré, the mechanism being

called frictional heating. The heat is generated both on the surface and

.in the near surface of the rubbing bodies, from whence it is conducted away.
This sufvey covers the development of the analytical approach to the

‘solution of the above mentioned problem dealing chronologically with the

published literature. 1In the early days people were concerned only with

the conduééion of the generated heat'away from the interface and workeré

produced some complex equations for its solution. One or two equations

will be shown in the following text but these are only meant as.a guide to

indicate to what lengths it is necessary to go in order to effect a reasonable

analytical solution. The survey shows how the subject has branched out from

this very narrow beginning to what is ﬁow, a complex sysﬁem.

| As the maﬁhematical modéls ﬁgre developed more areas requiring further

and more detailed analysis came to light, noticeably, the problem of

understanding and predicting the mechanism of dry friction. Although much

work has been carried out, no satisfactory method for its solution has beeﬁ

evolved and so a purely theoretical approach is not considered witﬁin the

scope of this research and an empirical technigue is considered ins;ead.

| Also, the behaviour of the driver affects the theoretical modelling and

again opens a wide aﬁenue of research, down which little work has been

carried out, but again in this research only the surface has been uncovered.

- 20
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This survey therefore deals with both the analytical apprdach of the early
mathematicians and the applied empirical techniques of the engineers who -

followed.

Jaege%-(l) set out to calcalate the temperatures in a éemi;infinite
solid on which another body slides, he began by taking the solution, proposed
- earlier by Carslaw (lA), for the following conditions. The temperature
a#la point (x,y,z) at time t in an infinite éolid, which was initially at
zero temperature, due to a quantity of heat Q beiné releaﬁed instantaneousiy

at a point (x'.y',z') at t = 0 is:

. Q.  (ext)? +‘(y“y')2_+ (z-2")°
373 .exp -
8k (rat)°’ _ hat

' He proposed replacing Q by Qdy' and integrating with respect to y',
between —= and » the solutions thus obtained applying to an instantaneous

line source:

exp =~
4kt . 4ot

Jaeger progressed using these basic equations, through solutions in
which he considered, both band and rectangular sources of heat, at steady
state and the case of a staﬁionary source; to sources that vary over theif
area éhd where the velocity is not comstant; which would Be the case in
practice. He also examined the case of one body rubbing on another;

considering the two cases shown in Figure No. 2.2, and discussed the solution




of temperatures in the steady state. . This work was the first systematic

study of. the problem of moving heat sources and has formed the starting point
for much of the work carried out in this area. The equations obtained

however suffer from the assumptions. that infinite or semi-infinite solids are

. being dealt with.

Bowden and Tabor (2) and Krageiskiil(3) contain comprehensive
chapters covering the ﬁppic of ffiétiénal heating and the sﬁeady state
temperatures obtained as well as. discussions of flash temperatures.
Practical work, however has always been carried out on "ideal' substances
rubbing together e.g. steel against steel, diamond against diamond. That
is they considered homogenious materials of similar physical properties,
of which reasonably accurate measurement of physical properties has been
possible. -But, when considering a non-homogenious material, such as an
asbestos based friction material, which méy contain upwards of twenty different

constituents set in a phenolic resin, accurate data are not readily available.

‘This has meant that a purely theoretical analysis has always been inhibited

by physical constraints and most of the work in the field, has therefore been
approached from the practical aspect.

Newcomb (4) considered the flow of heat in a parallel faced infinite

. solid, although this had been investigated by Odier and Leutard (7, 8)

and Banister (9) using Fourier series solutions and the method of images,
respectively.  Newcomb approached the solutiom of the*problem using Laplaéé
transform theory. The probiem considered was one where a finite solid was
bounded by two infinite solids so that at x = o in the finite solid there
was no heat flow perpéndicular to the plane and at the other boundary

there was a linearly decreasing heat flux. In mathematical terms this




becamer

Heat. Flux = Q1 - at) where "a" is a constant.
20
at x =0 — = 0
X%
"o
at x =1 k — = Q(l-at)
ax

these form the required boundary conditions for the one dimensional heat

conduction equation:

30 . 3%

ot ' 3}:2

The solution of which, using Laplace transforms, Newcomb found to be:

de } © 2o+t -x . (.2n+1f+x
-——'n 2t Z i erfe +ierfc——-———r
Ql_c 2(kt) S 2(kt)?
., o L ondex Qo
t i erfc + 17 erfc
}: 26t T 26
n=0 :

where




. ié erfc x = 'JfLin ! erfe vy dy (n=1,2,3 ...)
X |

and

I

.0
i~ erfec x

erfc x = —{ f exp(-y )dy
. - .

Newcoﬁb_then went on to apply the above solutions to a brake lining
sliding against a cast iron shoe.and'compared the results with practical
Valﬁes.obtained which showed agréemenﬁ within 10%Z. 1In a later paper (5)
Newcomb considered the case of rubbing elements of finite thickness, thus
increasing the complexity of the equaﬁions to be solved. As would be
expected the resulting solution was very much more complex tﬁan the one above,
requiring much tedious and repetaﬁive computation to effect a solution for
Values of temperature.

He applied these equations to practical tests in a paper (6), where he
also compared the results obtained with the previously mentioned work of
" Odier, Leutard and Banister. In conclusion Newcomb suggested the following
'“more easiiy managed eduation which gave results within * 107 of practical

applications:

2t£ 2 ¢ i
= - s 2 .
o) Const. F.u —¥ . 1 3 4t j{: i erfe 2ni

n=1

L

- E i~ erfe 2n)
ts
n=L




whére' o - A.‘= .
| - 1 0y}

f'is thé fricﬁion force

u is the liheér speed. |

In this paper Newcomb invéstigé;ed';he effecﬁ of rhythmicéllj repeated
engagements in which it was founa that the bulk temperature built up to a |
level and remained at that level until the rate of application was varied.
Thé theory qdnéidered so far has been applied to either idealized test
specimens or to the braking of a motor vehicle, which does the job of a
friction clutch in reverse.

As with brakes the first investiéations into glutches were approached
from the practical aspect and Jania (10) in a series of four papers discussed

the following points:

1. TFactors affecting performance.

2. Analysis of the system.

3. Thermal aspects.

4, Bow to cdpe with the temperatures.

In the first article the author dealt mainly with the vibrational
rtendencies of a eclutch éystem, suggésting that if the relevant shaft
étiffnessés were choosen correctly the problem of transmission vibrations.
could be reduced. He also.derived a formula for the torque capacity of
"a clutch assuming a comstant pressure eﬁgagement and a rather more
limifing assumption that_coefficient of friction decreases linearly with
velocity.

In the second article the author conside;éd a system similar to that

of, Figure No. 1, writing the equation of motion as:

- 25




, dwe ”‘“Zi dwy e
le — =T¢Tc "and Iv —= =l ~Tv
de B . dt 3

" which upon integration and substitution gave the rate of energy dissipation

in the clutch as:

q(t) = T, | 9 -Q. ~T

The above formula was derived with the following assumptions.

1. Coefficient of friction is.a constant.
2. Compliance of the system zero.
3. No external torques.
These observations were pointed out by the author:
1f Slip.time is proportional.to the initial slip velocity.
_2. Maximum rate of energy dissipation occurs at t = 0.
3. Energy dissipated does not depend on clutch torque or
au:ation of slip.
But thése points only apply to the system as the author constrained it
;ahd are not necessarily so in a practical installation.
Tﬁe article went bn to discuss other types of clutches and the
application of the formula to them.
The third in the series of articles dealt with the thermal capacity and
timitations of a clutch, the author suggested that two important valués

must be obtained.

1. Safe permissible maximum surface temperature.

[l
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2. Maximum surface temperature likely to occur under known
conditions of loading.
To definé these values at the design stage the author solved the one
dimensionél heat conduction equation applying similar boundary conditions,
as to Newcomb, but the result was in the form of a series solutionli.e.

assuming heat flow = at + b

: ! ’ £t 11(1i
Q(t) "= b, {p.cp.k) +
1 1 1. o 2 3
‘ 171
21, uli = g 2 e\ ; %
T Ei 7 %P 2 - aylogepyk)® g o 3
T n 1 o 171
n=1 1 1 ‘
. 3/2 22
1.a%t 1 3a 21 3& Poal nwt
1 171 171 — ex
* * 4 n4 1 2a
3 45 T n=1 171

But for 1 » « i.e, the plate is very thick the expression above is reduced to

| R P [ayGperpp?t £
. T 3 i

which Jania suggested using for easé of calculation., .He then continued to
apply the formula to practical examples and in the final afticle discussed

the bulk temperatures obtained and suggested ways for reduction of thé
occurence of flash temperatures. This series of articles gave a semi—pr;ctical,

semi-theoretical treatise of the problems encountered in the design of



cluﬁch systems and although en&ompassing most of the problems encountered
aﬁd drawing conﬁlusions via theoretical analysié;'ho.finiﬁe design tool
emerged. . |
Newcoﬁb (11) took the theoretical analysis of thé system, Figure No. 2.1,
" further ané in more detail than Jaﬁia, assuming:
1. Torque remains sensible constant throughout the engagement.
2. ﬁrag torque remains éonstant.
He investigated the affects of temperature and slip speed upon
coefficient of friction and from practical tests arrived at the following

formula:
o= ue (us - u=). exp (-aZ)

ﬁsing these assumptions he derived formulae for the heat generated and slip
time, also he applied egquations previously derived in (4), (5), (12) and
"{13) to cases of siﬁglé and muitiple engagements. As stated, in the above
analysis the author assumed conétaht torque throughout the engagement in
order to facilitate an analytical ;olution of the dynamic equations but in
practicé this is not the case. Neﬁcomb in his paper (l4) considers the case
- where torque is assumed to vary with time:

1. Torque increasing linearly with time.

2. Torque increasing parabolically with time.

The férmer being a reasonable approximation to that which occurs in a

single plate clutch and the latter to a multi-plate clutch, both cases are
considered in detail and the resulting formulae are of similar complexity and

size to the ones already given. After some simplification of these




equatiohs the author discusses the affect of making the constant torque
.aéspmption on the temperatufes calculated. He éontludes, that providing the
clutch haslthe same slip torque capacity, the slip time is doubled when a

| linearly iﬁcreasing torque is considered and also maximum temperature is
0.806 the value attained under the constant torque assumption and occurs
at.(5/8)£ of the total slip time. 1In the case of pafabolically increasing_
torque the slipping period was 1} times longér, the maximim temperature 0.9
that of the constant torque assumption. Thus seribusly limiting the
simplified solution and suggesting that the more complex solution of a
linearly increasing torque is still not the full picture.

Ramachandra Rao (15) considering the dynamics of commercial véhicle
drive-lines under severe operating conditions and developed a more
éomﬁrehensive model than before; but the equations that resulted were
larger and more complex. He cérried out a humber of tests on commerical
vehicles towing a trailer loaded with 1360 Kg, with the handbrake applied,
in order to simulate the severe operating conditions encountered in practice.
The torque reaction of the rear axle was measured and graphs of this during
the engagement period and over a period after the engagement were reproduced
in his paper. These graphs showed torque increasing approximately linearly
during the engagement period, although as the author pointed out this
" depends to a larger extent on the type of driver. In the period that follows
synchronization of the clutch plates, called the stabilising period by the
author, the torque reaction took quite a long time to settle down to
steady state. Figure No. 2.3.

| Newcomb (16) has also‘examined extreme clutch‘ﬁsage, namely:

1. Sudden engagements.




2. Vehicle held stétiénary-upon a hill with_clutcﬁ.slipﬁiné;_
Maximum engine sPeed wéb.assumed in both cases, the author admitted the
_severlty of the tests, attrlbutlng the first case to bad driving and the
second to road condltlons, such.as, a stop on a steep minor road at a
Junctlon w1th,a major road., Two types of vehlcle were 1nvest1gated a small
saloon car and a'larger saloon and results in the form of graphs of
temperaiure variation with time, under con£inuous slipping and also the
affects of different gradients preéented with some sample calculations. The
analysis was discussed and conclusions drawnm: .

1. Heat generated depended on engine speed.
2. Larger saloon generated higher temperatures under the
same loa&ing conditions i.e. on a 1 in 4 gradient after
16 seconds slib gave 66°C for the small saioon against
_ 88°0 for the large saloon.

The aﬁthor also pointed out that the temperatures attained under
Slipping conditions were mucb.higher than if the clﬁtch were engaged in the
quickest possible time and should therefore be considered when designing
the clutéh. Tﬁis sﬁatement is ip conflict with the theoretical analysis.
of Jania (10) bBut as pointed out then Jania's system was constrained by the
| simplifying assumptions made and did not fully describe what happens in
“practice.

Haviland (17) used a ﬁest rig comprising engine, automatic gearbox,
inertia flywheel and dynamometer, to study the affects of operating parameters
on clutch surface temperature, during'gea; changing. He inserted
thermocouples into the steel clutch plate of a multi-plate wet clutch; the
signél being extracted from the rotating components using silver slip rings

and brushes, which gave an overall estimated accuracy of % 5°C. From his
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experiments the author found that dynamométer load had little effect on
surface temperature for é wide range of oil sump temperatures but that as,
engine throttle setting was increased fhe surface temperature increased
linearly up to an oil sump temperature of 120°C and there after exponentially, .
resulting frﬁm excessive slip. Which agrees in principle with.the.conclusion.

Newcomb came to for dry clutches, that the higher the engine speed the higher

'_ the temperatures attained, Haviland also compared calculated values of

energy dissipated during the enéagement period and found good agreement

with practical results. Clﬁtch.plate temperatures in the regions 50 - 400°¢
were measured during the tests even though the oil sump temperature was
constrained in the range 33 - 155°C. |

In a computer orientated approach to the problemrof thermal failure.
of clutches, in "off road" application of heavy vehicles, Dundore and
Schneider (18) produced a computer program which predicted the rate of energy
dissipation during the slipping period. Account was taken of engine
transients, the torque convertor, power transmission and vehicle load, the
clutch being a multi-plate wet type. Using this data the authors solved

numerically the one dimensional unsteady state heat conduction equation:

50 524
p‘cp'-—l- = k ———
at sz

assuming the following boundary equations to apply:

L]
at the interface

—— R —
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a8 :
and — = 0 at the mid-point
) ' 8x :

The first boundary condition stating that the heat gene?ated is ’
conducted away from the interface and the second that heat input from each
. interface is the same i.e. the temperatﬁre distribution in the plate is
symmetfical about the mid-point,

~ The numerical technique ﬁhey employed was a finite element one, which
readily accepted the data from the other program. Results obtgined for
interface temperature were correlated with results from different test rigs
upon which various vates of energy input could be simulated. From these
correlations the authors were able to plot graphs from which, it could be
seen above what temperature, failure of the clutch was likely to occur.
They supgested that these results would enable designers to acquire a fuller
understanding of the thermal aspects of ﬁulti-plate wet clutches.in
automatic transmissions.

Hermans (19) in a technical analysis of heavy duty two plate dry friction
clutches examined tbrque capacity and energy absorption and correlated the |
analysis with vehicle test data. He considered clutches as fitted to
.commercial.vehicles with engines of 190 KW plus used in on and off road :
applications., A vehicle (52600 Kg GVW) was instrumented to record engine
speed, torque and outpuﬁ speed, from tedts carried out on level roads he
calculated a bulk temperature rise of 4.3°C. By comparison a theoretical study
of a start on a severe gradient, assuming 20 seconds slip time and average ‘

engine output of 210 KW but all other data constant, produced a bulk temperature

rise of 200°C. Thus illustrating that with an initial temperature of 60°C

(normal running temperature} the resulting overall temperature would be high




enough to cause severe deterioration in the organic facing materials -used
on thesc types of clutches, especially when considering that the

temperatures reached on the surface would be much greater, In clutch design

“the author advocated the use of a parameter, called Start Ability, defined as:

T xR xE x 1200

S.A = - R
S Rad x GVW *e
ﬁhere T e Engiﬁe torque at 800nrevs/min in ft.1bE,

R = Transmission overall gear ?atio )
E = Transmission efficlency (85%)
Rad = Rolling Radius
G = Gross Vehicle Weight 1bf.
R = Rolling resistance (17)

rg
Tests were carried out on two vehicles of different G;V.ﬁ in the
first four gears and gave a range of étart ability from SfOZ to 18.53%.
A graph of energy absorbed by the_clﬁtch plottgd against start ability was
preséﬁted and showed that the start abilitj decreased, nonwlingarly, with
increasing energy abscrption. From experience a start ability of 107 was
" considered to-be a good compromise which résulted in what was called a
comfortable start. )
The author concluded with a general discus;ion of lining materials and
the factors affecting the smootﬁ,operation of ciﬁtches, suggesting that
high energy level materials may be used to increase life and reduce pedal

efforts.

Kulev (20) produced an-analytical solution to the dynamic medel,




Figure'Non 2.1, and developed the following equations. For the work done

during an engagement.

W.D.tot = f’r w dt - [ T . dt
[=) e ] c Vv

In order that the integration could be performed the variation of the
parameters Te’ Wy and W s with time had to be known, from practical tests

the following equations were obtained:

t m
T = T (—)
c c .,
min ts
t
w, = g 1 -p. {—|L
max ts
e ats nch
where P = 1l - y
w
e

and w¥‘obtained from the integration of the dynamiec equation governing

the acceleration of the wvehicle




. Initially the author comsidered the simple cases of m =L = L but

developed .the analysis to the more general case of 0<L<w and O<m<~, He

" developed empirical formulae from a large number of practical results in

which the parameters‘Te and o were defined.

Work done  = ts Tc- ‘ ((0.68-0.183P)we

max. max
ty
- —-(0.226Tc - 0.405T )
I max v
v ,
, I w (1 -P)
where ts' = - ¥V Cpax
' 0.68 T - T
c - Ty
max

As the empirical formulae were obtained for a particular vehicle the

_ author recommended the use of the more complex solution where L and m are

considered to be in the range 0 - e,

Mean surface temperatures were also calculated by the author using:

W.D. x 9.808 ¢

1,2 (, X,
t x A x + .
5 1,2 = =
591 5%
| . 1
where 04,0°% 3 Fo1,2%



t, and t are time constants of power and frictional work done in slip
derived under the assumptions:

1. No heat transfer from the free surface to ambient.

2. Heat flow linear in axial direction normal to friction surface.

- 3.  Ambient temperature constant and zero.

In conclusion the author demonstrated the accuracy of the analysis
against experimental data and suggested that allowance should be made for
flash temperatures and proceeded to carry out the necessary analysis., He
sald that the formulae derived 'were sufficiently accurate to show the nature
of temperatufe cﬁange and tﬁaf flasﬁ‘temperatures are about 307 of the |
~ general température.

The proceeding papers have demonstrated the development of theoretical
analysis related to dry friction clutches, from a beginning of a purely
analyticai approach to the problem by Newcomb and to the empirical techniques
used by Kulev. These authors recognised the enormous practical problems
in performing the theofetical analysis of the system, Kulev using measurement
of the time varying parameters in order to reduce the need for Qimplifying
assumptions and Newcomﬁ examining the affect these assumptions have, thus
knowing the limitations of the theory. The model, figure 2.1, gives two
'fifst order differential equations the analytical.solution of which, providing
the time varying parameters are known, can be performed, as some of the
above authors have sﬁown; But one of the maﬁor stumbling blocks is the
vériation of clutch torque during the engagement period. The classical

formula for the torque transmitted By a single plate friction clutch is:

Tc' = ZP.P.R



R is the efféctive radius i.e. the radius at which the friction torque
is assumed to act. Exémining this formula and reléting it to the pféctical
Situation‘itlwill be found that during the engagement périﬁd the
coefficient of friction p and the axial load P vary, thus opéning two

.avenues for Eonsideration, the first into a theoretical treatries of

coefficient of friction and the second into clutch pedal manipulation by the

driver. In the second case no one has published the results of a detailed
study into driver behaviour during the engagement period although some of the

above authors have carried out simple tests in order to define variation in

torque transmitted.
Newcomb (11) in his theoretical analysis of clutch engagement, observed
from rig tests that for many materials the variation of coefficient of friction

with slip speed could be approximated by the following relationship.
AT T L U exp (- a.z)

Where a is an experimentally determined constant for a particular material;

but the interface teﬁperature of the rubbing bodies also affects the
coefficient of friction.
The classical laws of friction are:
1. Coefficient of friction is independent 6f area.

2. Coefficient of friction 1s independent of load.

These relationships were observed initially by Leonardo da Vinei and
later by Amontons and are usually given the name Amontons Laws. These laws
take no account of sliding speed or temperature affects but have formed
a base from which many researchers have started, notably Bowdon, Tabor and

Kragelskii. Consider the diagram, Figure No. 2.4, which represents an



exaggerated view of the contact between two smooth materials, when a load

is applied the contact points come -under greater pressure, usually large
enough to create elastic and plastic deformations of the maﬁerials, . |
When sliding occurs these bonds are forceably torn apart and as sliding
continues the bonds are being continually formed and broken, in addition
when sliding the asperities plough into each other especially where one
surface is harder than the qther. This phenomenon does not occur solely on
a molecular scale, the junctions can be quite large and the materials are
affected to an appreciable ‘depth. A purely theoretical analysis of
this mechanism would be very complex indeed and fraught with practical
problems especially in the determination of physical characteristics of a
friction material.
The complexity of the theoretical analysis (27) has led researchers
into_thié field, applied to friction materials, to revert to extensive
testing and empirical techniques. Papers by Jenkins, Newcomb and Parker (21)‘
ﬁuzechuk (22) and Hatch and Géddard (235 have discussed test machines aqd }
methods of testing friction materials in the form of test pieces rather than
as full sized components. The correlations between thecretical results,
results from test sampies and in service use have been built up for design
purposes but in order to do thislan enormous amount of test work was needed.
Heap (24) has considered the problem of coefficient of fricfion and
wear of two bodies rubbing énd in order to reduce the mathematical
complexity he suggested a procedure for describing the coefficient of
friction and its variation using.a purely empirical technique. He proposed
the splitting of the dynamic coefficient of friction into a number of
coefficients of which all except the static, were normalized to their

respective reference points, thus making it possible to write the dynamic

- 38



coefficient of friction as follows:

. )] x [, [ua)], fue)]...
w(P,2,A,68,,.) = —
S ‘ ' | Mg My Mg eeenn

- ) Each of the coefficients being determined experimentally and described

by a polynomial i.e.

. _ - ‘ S
u(P) L ulP + uzP F ovrenee

. ) .. 2 )
u(z) = Mg * €2 + CZ7 + oanal,

|
;\ ‘ The author suggested that this method of presenting frictional data
‘ would benefit the designer who would then have a knowledge of thé manner in
vhich the‘coefficient of frictioﬁ varied. |
Herscovici (25) put fofward a method for determining the static and
dynamic coefficient_of friction using a test rig comprising of a clutch
gssembly, where one shaft Was‘fixed and the other comnected to a torque
©arm. The torque was applied by allbwing a weight to free fall through
| a known distance before applying é ioad to the torque atm. The torque was
measured by the strain gauged fixed shaft which meant the only variable
was the coefficient of friction which could be calculated using the
formula for torque transmitted by a clutch. This rig has one major
disadvantage in that it is not capable of measuring the coefficient of

friction at higher velocities but the author says this method of determining

static and dynamic coefficients of friction is useful for comparison of

- 39



different ﬁéterials and in the drawing up of operating charaéteristics of
friction materials for designers. |

Bunda; Fujikawa and Yokoi (26) studied the details of the frictional
characterisﬁics of friction materials with particular attention to the low
speéd.area. .They discovered the presenéé of a thin visco-elastic film
at thé rubbing surface which greatly affected the coefficient of friction.
This film was very susceptible to chaﬁges in femperature, humidity, |
previous history of use and also to momentum, This f£film could help to
explain the none repeataEilitY of friction test results.

Garg and Rabins (28) also noted the appearance of a f£ilm on the friction
surfaces, which was attribufed to the softer material being worn and the
wear particles deposited on the harder material. After extensive tests they
suggested that fade as experienced under heavy usage of either brakes or
.clutches was due to this film breaking down. They proposed this explanation
rather than that of charring of the lining surfaceés causing the fade and
its eventuél removal by wear allowing recovery. They found that if during
low work load slipping, carbon'tetrachloridé was poured over the rubbing
surfaces the coefficient of friction was reduced rapidly but that it
slowly recovered as slip was continued.

The proceeding papers indicate a need for a comprehensive study of the
problem of clutch engagement to be made, includiﬁg a theoretical approach
and practical tests which would enable realistic studies of expected
temperature at the design stage. Account should be taken of different

driving techniques and different operating conditions.
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CHAPTER 3

MATHEMATICAL MODEL OF ENGAGEMENT




INTRODUCTION
' Previous work in this field has highlighted the.many probleﬁs

lencountg;ed during the analytical solution of the dynamicél_behaviour
of the clufch system. Figure No. 1 shows the mathematical model adopted fof‘”
'rthis computer‘orientated approach to the problem. The choice of a.digital
computer model was arrived at by considering the defects in the analytical
.techniques i.e.

1. Versatility

2. Ease of use

3; Application for further use,

Versatility; if a complex analytical equation were evolved for a
particular set of conditions and assumptions a small change in the laws
governing the approach i.e. a change of assumption to make the model more
valid would require a major re-think on the model. By using a digital
technique all that would be required is the insertion of a subroutine to take
care of the assumption. |

Ease of use; one of the aims of this work was to produce é useful tool,
a digital computer program kept on computer file may be accessed readily
by an engineer who has little knowledge of the mathematics of the program
and still less of computers. | |

Application for further usej the end produgt was required to be
‘capable of extension into a much broader study of the vehicle drive~line.

All the above points could have been covered using a sufficiently large
analogue computer, had one been available, but the solution of temperature
distributions would have necessitated the use of a hybrid computer system or of

splitting the model into two separate programs. The following approach



therefore was aimed'at the production of a digital computer program which
initially suffered from soﬁe of the simplifying assumptions as did the

analytical approach, but as the research progressed these assumptions were

investigated and the model improved.

'THEORETICAL APPROACH

Dynamic Equations

Figure No. 3,1 shows the mo&el considered, comprising an engine delivering

a torque, dependent on the rotational speed. -

PR

The engine, of inertia Ie, is directly coupled to a clutch,
considered as having only two rubbing surféces instead of four. The output
side of the clutch is coupled through a gearbox to a vehicle of inertia’
Iv' The vehicle inertia and drag torque ére referred through the rear axle
rétio for ease of presentation. ' |

At any instant in time the engine inertia and the vehicle inertia will

be accelerating (or decelerating), therefore the following differential

equations are applicable,

Bwe Te - Tc
= ..‘l...lll..l....I.llI..'..ls'l

3t I ) T

‘ e |

" dw, T .R =T

v _ ¢ g d . 3,2

ot I
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in the case of an infinitely variable gearbox.

where

Te = f(we)
'l‘d = f(wv, Iv)
T, = £(P, u, clutch geometry)

Initially the engine tordue delivered was assumed constant but the drag
torque was calculated,see Lucas (34), and the clutch torque calculated using
the formulae developed assuming the constant wear hypothesis.

T, = WN.P. (RL*R2)/Z ceeneiniiiieniiiiains. 3.3

Where P is the clamp load at the instant in.time considered and which
has previoﬁsly been considered to be full clamp load throughout the engagement,
which means that the clutch pedal was released in zero time. The
coefficient of friction p has also been assumed constant previously except
by Newcomb who after practical invespigation gave the following pattern of

“variation, which was initially adopted in this model.

wo=ou (us = 1) exp (Fa.2)  cecviciiiiiiienaeln304

The model was developed using the assumption that the clamp load was
applied in zero time but the option was given to change this by using the

following differential equation



) ,
— f(t) --c-----------.--o------oi--0013-5
St
‘ _ 7 The heat generated at the instant of time under consideration was

obtained from:

3Q ‘ : : S
I = To(w‘-w,R) o;l.o------aaoo--co-oono3.6
5 e vV g .

Equations 3.1, 3.2, 3.5 and 5.6 describe the dynamic s&stém of
Figure No. 3.1, and a digital coﬁputér program was written to integrate the
four differential equations.

This model gave the heat generated in a drf friction clutch as a

function of time and the next problem was to model the dissipation of this

resulting dynamie temperature distribution and bulk temperatures attained

in the steady state.

Heat Dissipation

heat through the components of the clutch assembly and to obtain the
Heat ig generated over a large surface area in the clutch, therefore.
the quantity of heat generated during an engagement was assumed to flow
only in one direction i.e. axially into the components. Thus the

one dimensional unsteady state heat conduction equation could be applied

to the problem:

36 3%
p.cp'—'-" = k"""‘é" -ot--..--..--o----;.ao-o;-3-7
ot ax '



assuming also that the thermal_conductivity of the materials remain
sénsibly constant in the temperature range under consideration.

In order to effect a solution of the above equation certéin boundary
conditions were required and as the clutch assembly comprises of two
friction faces under similar loading.conditions the heat generated at
eéch surface was assumed the same, A4s the heat geﬁerated was ;he same at
both interfaces the model only need be concerned with half of the assembly.
The mechanism whereby the heat-is geﬁerated has not been fully explained,
and in this treatise a model advocated by Schaff (31) has been used.
Figure No. 3.2 shows a diagramatic representation of fhe rubbing interface
in accordance with the sections in Bowden énd Tabor (2) and Kragelskii (3)
the heat is generated on or at the interface, although some doubt exists
as to how this generation takes place. The ﬁwo rubbing surfaces, becausé
they are not smooth, are separated by a thermal resistance, comprising
of air, wear particles, etc. Hence the heat is able to flow in two

directions:

1. By conduction, into the adjoining material.
2. By some mixture of conduction, convection across the
_interface resistance.
Therefore:
30

Heat flOW intO the mterial = k:An — -o.‘.ocn.‘.fc-308
ex

29

Heat flow across the interface = +hI — eanasssaseesd9
: ax



- The magnitude of the two sources depends upon the thermal constants

 of the two rubbing materials Kragelskii (3) and is .defined as:

Q

g2 = QgT 4l - A)

where -

Therefore the total heat flow into the materials surface by conduction

is:

99
+ h, —
I ax

.Q81’2
Considering the back face of the pressure plate or flywheel, heat is
lost to the atomosphere by forced convection, therefore:

Heat to the atmosphere = “hf.A. (ew -0 . o Ko

fl) ’

To complete the solution, the boundary condition at the geometrical
centre of the centre plate is required. The two anulii of friction material
are separated by thin leaves of steel, called cushion segments, which help

reduce wear and violent clutch engagement. As the coefficient of heat



‘conduction of the frlctlon material is always in the region of 1/40th

of that of steel and because the. thickness of these slivers of steel is
1/5th that of the friction material the dynamlc temperature distribution
in the springs can be 1gnored in comparlson to the friction material,
Thus, the only two components whlch require consideration are the pressure

plate or flywheel, and its associated friction material partner. As the

“heat flowing from each 1nterface was assumed the same, there is no heat

transfer across the geometric centre of the centre plate and thus the

following equation holds:

ap
Q = 0 = k.A, —
X
_ . 36
or — = 0 tiesereeveennrcesresssasenss 3.11
9X ' .

Using the above boundary conditions equation (3.7) may be solved
prov1d1ng that the total rate of heat generation at the interface is known
This belng readily available from the solutlon of the dynamic equatlons
outlined in the first section of this chapter.

The decision having been made to opt for a digital computer solution
to the problem left two techniques available for solution of the partial
differential equation describing heat conduction: i

1. The splitting of the partial d1fferent1a1 into a number of
first order ordinary differential equations using finite
dlfference techniques and solving using similar numerical

technlques to those used to solve the dynamic problem. This

W
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suffered from the disadvantage that the solution of a large
number of ordinary differential equations was required and
if extensions to further dimegsions were considered, the
.number of equations required increased by the sqﬁare of
the number of mesh points considered. o

2. The method‘chosen was the splitting of the partial differential
equation into a series of linear simultaneoué equations,
again usiﬁg finite difference techniques. This method being

logically extended to two or more dimensions if required and

allowing the number of mesh points to be easily varied.

Finite Difference Techniques

When a study of the types of F.D. techniqueé available was made the
object was to find a method of solution which was economical to use and

.was also easily modifiable. With this in mind two different approaches

Were used:!
1. An explicit technique
2. An implicit technique

A finite difference technique relies on the approximation of

"differentials by gradients (Taylor Series).

Therefore:
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 The differences beﬁween these two feéhniques cén be explained with
reference to Figure 5.3, which is a diagram of a finite difference mesh
vith time progressing along thg-#-axis and.distaﬁce into the material along
the x-axis. The temperatures at the ihtersection of the mesh lines are thOSe‘

required for solution of the equations 3.12.

Explicit Technique

The explicit method requires the temperatures at stations (1,1), (1,2),
(1,3) to effect a solution at station (1,2). To derive the general
equation for heat conduction in a solid consider the elements shown

e=1 & L+t

A‘x L

X ™

I
{
{
!
- ' i
: |
1
{
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i

: 98
from Heat flow = -k.A. — using finite differences
' 9x :
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Heat flow into element i &= - ———m—m—t2d i-1,)
Ax -
|
’ A-ko (_e PR e . -
| e ' Heat flow out of element i = + 1,1 i+1,3)
. _ "

‘ . . : Heat stored in the ith element in time t is

0. .)

AX.A.p -cpo’(ei,j+1 - l’:}
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L
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\

i

but assuming no losses, Ht. stored in ith element in time At =

Ht inflow - Ht outfloﬁ
|
| or
!
g-CP. . k
-_ - B = — . — 28, , . .
(eisj+1 Bisj) L2 (ei+1,3 2 i,j * e1—1,3)

At | A% : ‘
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which simplifying gives:
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This equation can be e#panded to cover each mesh point in turn inside
of the boundaries but on the boundary requires modifying due to the relevant
boundary equation previéusly-mentionedt The full derivation of the
equatidns is explained in Appendix'l. This téchnique has the advantége
of giving the temperatures at Ehe next time interval directly without
very much calculation and also, all that is needed to start the method is
the previous temberature history and the boundary equations. The technique
does however suffer from mathemétical instability if the following

~condition is not met during solution.

Atk
1 32 ——
p.cp.Ax2
. _ o 2 S k
or aAt § Ax" where o . =
p.cp

and is constant for a given material.
Hence the time interval and mesh size need to be carefully chosen.

. Implicit Technique

The implicit method requires the temperatures at stations (1,1), (1,2),
(1,3), (2,1) and (2,3) to effect a solution at (2,2). If equation 3.7 the
one dimensional unsteady state heat conduction equation is approximated

using finite differences it becomes:

-



. g -8, .
p.cp i,j+l i,j -
At
: .= 20, + 0, S . N
i . B1+1,3+1 261,J+1 e1-~1,J+1 i+tl,] 281,3 * e1—1,J
2 Ax

Which in words is the heat stored in the element in time At is the
average of, the heat being conducted into minus the heat being conducted out

of the element at time "t" and "t + At" and reduces to:

+ 2(1 + Fo)ei,' -~ F 9,

_Foei+1,j+1 i+l 0 1—1,j+1_'

+ 2(1 —.Fo)ei,j + F

i+1,; o%i-1,3

‘Again the equation can be applied at each mesh point in turn with
application of the boundary conditions where relevant, a full derivation
is provided in Appendix 1.

Thus giving "n" simultaneous linear equations, in "n" unknown where '"n"

~"{is. the number of mesh ﬁoints chosen. This method is theoretically stable
for all values of Fo although inaccuracy is kept to a minimum if Fo remains
low.
Two programs were written using the two techniques and the same values
for the temperatures reached during the engagement period were cbtained.

Table No. 3.1 shows various values obtained under different engagement conditions

The analytical theory used here was that of Newcomb (12) and the first two

rows of figures show that when the digital simulation was constrained similarly



to‘thé analytical theory thé results were in agreemént. Thease teSuitslwere
obtained assuming the ehgine'%as delivering maximum torque during the
engagement and that the clutchlclamp load was engaged in zero time. As this
was nof the case in practice, modifications ﬁere made ﬁo the program in
order that the applicétion of thé clamp load could be made over a period
of time, the method of application ééllbwing a linear ramp. The next
three rows of figures show the'affect‘of varying this ramp fime i.e. the
longer the 1inéar ramp the more heat generated and hence the higher the
interface temperature.

Howefer, the engine c;nnot delivef the maximum torque dﬁring the
engagement but only a proportion of it, the second half of the table
shows the efféct of halving the torque delivered by-the engine. The slip
times were reduced and so were the heat generated and the resulting.
temperature rise. This suggested that the theory was not complete and that
certain areas needed practical investigation.

These areas were:! |

1. Driver control of the clutch pedal.and throttle

2. Coefficient of friction variation with operating conditions.



ENGINE TORQUE ASSUMED CONSTANT AT 100 NM

APPLICATION

Analytical Theory
Digital Simulation
RAMP TIME 1.0 SECS
RAMP TIME 0.5 SECS

RAMP TIME 0.2 SECS

SLIP TIME HEAT GENERATED
(Secs) (J)
0.352 : 5.87
0.350 f 5.86
1.17 19.26
0.79 12.00
0.52 8.24

ENGINE TORQUE ASSUMED CONSTANT AT 50 NM

Analytical Theory

Digital Simulation
RAMP TIME 1.0 SECS
RAMP TIME 0.5 SECS

RAMP TIME 0.2 SECS

0.26 4.33
0.26 4.34
0.86 8.0

0.56 - 6.31
0.37 5.17

TABLE NO. 3.1

MAX TEMP
(Deg C)

51.0
47.0
57.0
54.0

49.0
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CHAPTER 4

PRACTICAL INVESTIGATION INTO THE MATHEMATICAL MODEL




In the theoretical appraisal of the mechanism of clutch take—up,

two areas reduiring moré practical investigation were highlighted.
Firstiy;'the variatioﬁ in coefficient of friction during the engagement
pefiod and secondly, the cIutch operating charéétéristics of a driver.
This chapter deals with the pracéical test-ﬁérk céfried out in order to
gain an insight into these rather ﬁurky areas of the mathemdtical model.
During the iﬁvestigations it sooﬁlbecome apparent that two seemingly
endless avenues of research héd opened. The measurement of coefficient
of friction and its variation:with operating conditions has hampered
workers for a long time and no analytical technique has succeeded in

- predicting levels of friction accurately. In fact, within the industry
the non-repeatability of tests carfied_ouﬁ on friction materials is well
known though not fully understood. This fact, added to the problem
that in service the clutch is operated by a human being means that,

"in the vehicle", tests are used purely as comparators between materials.

The human variant being miniﬁized by using trained test drivers, but

when dealing with the general public their behaviour appears to be random.
It was necessary therefore, to cali a halt at an appropriate point;

even though the work was not fully completed, but suggéstions will be
made in a later chapter with.respect-to extensions along these avenues.

Variation of Coefficient of Friction during clutch operation

The manufacturers usually publish data sheets for their materials which
contain graphs of variation in coefficient of friction with respect to
relevant parameters but these graphé are only meant as a guide to the
designer. Thé data being obtained from test work carried out on |
small specimens with specialised test machines and the results obtained

although repeatable often bear no resemblance to results experienced in



‘gervice. As, from the onset of this research a mathematical model |

simulating an "in service' condition was envisaged it was deemed necessary

 to obtain values of coefficient of friction from the full size specimen

i{é.:the actual type of clﬁtch ugéd in the tgét vehicle. The results
had to be in a.form readily ﬁs;ble by the digital computer program
simulation i.e. as polynomiéls déﬁining the 1iﬁé§ on.a grapﬂ.

As the operation of a cldtéh in practice takes, under normal
operating conditions, in the region of tﬁo to three secoﬁds, a rapid
method of data acquisition was required when testing under operating
conditions; Throughout the test work performed én this rig a mini computer
operating as a high speed data-logger was used, but this will be
explained fully in connection with the more sophisticated vehicle simulation
rig described in the next chapter.

Tests for variation in coefficient of friction

As these tests required the_interface temperatures.during the
engagement period a number of thermocouples were inserted in the lining
material in addition to ome in the pressure plate and one in the
flywheel, both at the surfaéé and on the geometrical mean radius qf the
liniﬁg materials, 1In this way a comparison of measured and calculated
temperatureé could be méae. The test fig used was as outlined
schematically in Fig. 4.1 and was a modification of an existing
test rig normally used for brake testing. The rig consisted of an electric
motor directly éonnected to a flywheel, the inertia of which was larger

than that of the vehicle, but the only affect this had was to prolong the

'slip times. The flywheel of a clutch assembly i.e. clutch input, was

fixed to the end of the shaft from the electric motor and the centre plate

i.e. output of the clutch was joined to a stationary shaft connected to



-ground through a strain ring (used for measurement of output torque).

Fig. 4.2 shows the cushion segments which separated the two lining
materials‘on the centre plate and which transmitted the friction torque
to the hyb of the centre plate, from the lining materials. As the clamp
load waé applied the cushion segmentg deflected until at full clamp
load the segments'becamé flat. The segments, affect the eagagement
characteristics as indicated by Fig. 4.3. This is a graph of clamp load

against pressure plate deflection and shows that the stép in the graph

is flattened due to the action of the cushion segments thus a smoother

engagement can be achieved and less lining material wear experienced in

practice. Before full clamp load was applied to the segments the pressure

over the area of lining material covering the segment varied, which
meant that the friction torque transmitted was done so by a smaller area

than normally assumed which also suggested that the temperatures would -

vary greatly according to whether the pressure was high or low at the point

of contact. As the centre plate in this test rig was fixed to a

- stationary output shaft it was possible to insert numerous thermocouples

into the lining materials to try and measure the surface temperatures
and their variation across the surface of the cushion segments. In

addition to these temperatures, the surface temperatures of the flywheel

and pressure plate were also measured, but as these components were

rotating, during a test, it was necessary to bring the signals out using
a different mechanism than for the centre plate.

A system of telemetry was developed in order to obtain the

_ thermocouple signals from the rotating shaft. The signal from a

- thermocouple was D.C, amplified, and then converted into a frequency

within the audio range, this frequency was then used to modulate

c



. 70 mega HZ carrier frequency, which was then transmitted from the

rotating shaft., A modified F.M. radio receiver was used to monitor

the transmitted signal, which was subsequently decoded, fed through a

“high speed frequency to voltage convertor to the data logger.

The rotational speed of the motor was measured bf an inductive
pick-up sensing thé pulses caused by a 60 toothed wheel fixed to the
shaft of the electric motor, the pulses were fed through a translation
circuit ﬁo give an analogue voltage proportional to speed. The applied
clamp load was measured by -a strain gauged link in the clutch 6perating
mechanism, the strain in this link having been calibrated statically
against a load cell inserted between the clamping faces, in a moﬁified
centre plate.

To summarise, it was possible onrthe rig to record the folldwing
parameters during a test.

1. Clutch Torqué

2. Clamp ﬁressure

3. Flywheel and pressure plate surfaFe temperature
4. 81ip Speed’

.5. Two centre plate temperatures.

Test Objective

From a number of tests thé temperature distribution through the
clutech and its variation with repeated engagements could be observed.
But the main purpose of the rig was to study the variation of coefficient
of friction with clamp pressure, surface temperature and slip velocity |
and because the aim of these tests was to produce data for use in the
mathematical model the results had to be in graphical form which could be
described by polynomials. The method suggested by Heap (24) was used to

describe the variation of coefficient of friction, the equation being
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‘in the form:

by 1p) 1 (8) cuv)

u = IOOUDOIIOOCIDOCDOOIOIC; 4-1

uwv.ud.up

where u(p), u(8) and u(v) are polynomials describing the variation of

coefficient of friction with clamp pressure, temperature and velocity
respectively, each applying when the other two variables remain constant.

Test Procedure

In order to obtain the way in which coefficieﬁt of friction varied
with respect to one parameter as the other two were kept constant;
~on a test rig where it was only possible to keep one parameter
constant, i.e. clamp pressure. It was hecessary to allow the other two,
to vary over a wide range and interpolate from the graphical results,
to obtain the results in the required format.

The tests consisted of setting the manual stop on the clutch release
mechanism so that the clamp preésure was at the desired level, the
clutch was disengaged and the eiectric motor run ﬁp to speed. VWhen
running at full speed the motor ﬁa# switched off, the clutch engaged
rapidly by hand and the data acquisition commenced. This was repeated
at predetermined time intervals until the temperature of the lining
attained around 150°C. Above this temperature the lining material
would be permanently damaged, thus conditioning the material and
affecting following friction levels considerably. During the cooling
of the assembly the static coefficient of friction at set temperatures
was measured by means of a torque arm and weights, the torque arm‘being'
rigidly fixed_to the engine flywheel of the clutch assembly and weights

being progressively hung on the end until slip occurred. This procedure
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being repeaﬁed at various levels of clamp pressure, after allowing the

ﬁhole'assembly to coﬁl to.ambieni‘temperature again. From these tests
reéﬁlted a sefieé of‘graphs-simiiar to.Graphs No. 4.1 and 4.2, at the
various clamp préssure used throﬁghout the ﬁésts and also the variation
of statie coeffiéient of friction with pressure and temperature was.
noted. The next stage was Fo,rédﬁée these graphs into the required form
for use in equation 4.1. |

Reduction of Results and Results

By cross plotting Graphs Nos. 4.1 and 4.2; a graph of coefficient of
friction against surface temperature for diffgrent constant slip speeds
was obtained, Graph No. 4.2, Also shown on this graph is the variation
of static coefficient of friction with temperature.

From Graphs Nos. 4.1 and 4.5, by similar means, the variation of
coefficiént of friction with slip speed for constant temperatures was
obtained, Graph No. 4.4, this pfocedure being repeated for each test
pressure,

The following arbitrary reference points were chosen:

O

Temperétufe 30°¢C
Velocity 2m/s
Pressure 15_KN/m2

Graphs of variation in coefficieﬁt of friction with temperature,
Graph No. 4.5, with velocity, Graph No. 4.6; aﬁd with pressure Graph No.‘4.7,
‘where obtained by cross plotting. In each cése the other two parameters
‘were kept constant at their respective reference points. Each one of these
graphs was represented.by a polynomial:

2

U(e) = A°+A6+A26 +-l. a.ouf.o.ot.o.ioon'!cé‘lz

1



. . . . 2 ‘ L
u{v) = Bo T Blv + Bzv + e B N T

2

1P+CP +--- ‘;;.".....‘.....'...‘4‘4

| u({P) =‘ C0 + C 2

o

and po, uv and ud are the normaliéing coefficients for the polynomials

4.2, 4.3 and 4.4,
My = 0.412 at P = 15 KN/mZG = 30°C and v = 2m/s

= 0.362at P = 15 Ki/m’

Fp
g = 0.354ate = 30%¢
u, = 0.361 at v = 2m/s

These results are shown inAGraphé.Nos. 4.8 and 4.9.

Therefore equation 4.1 becomes:

_ 0.412.n(8) . p(v) .u(P)
u{P.v.8) =

0.0475

vwhere

ii_ is the static coefficient of friction.at the reference conditions



u(e) = 0.3993 - 0.2025 x 10 2,0 + 0.6375 x 10 *.0

=2 .3

6%« 0.2159 x 107 .6" 10 3

- 0.1749 x 10 - 0.9295 x 10

w(v) = 0.3748 - 0.8818 x 10 2.v + 0.12027 x 10 2.v% -

0.1438 x 10 2.v> # 0.1021 x 10 %.v% = 0.2828 x 1070.v°

WEP) = 0.3333 + 0.1218 x 10 2.P - 0.1359 x 10 *.p% +

7 p3 - 0.1552 x 10°.p% + 0.1303 x 10”%.p°

0.6834 x 10
Which is in a convenient form for use in the dlgltal simulation program,
The effect of using this description of the variation of coefficient of
friction against what is normally assumed will be examined in a later

chapter where the validity of the mathematical model is discussed.

Temperature Measurement

Graphs 4.10 and 4.11 show the flywheel and pressure plate surface
temperatures respectively for ten engagements, carried out at five minute
intervals, using full clamp load instantaneously applied. The graphs
show that the peak temperatures on both 3urfa;es were approximately the
same but the pressure plate bdlk temperature was higher than that of the
flywheel, at the end of the ten engagements, this was attributed to
the greater thermal mass of the flywheei conducting the heat generated
away more rapidly.

Graphs 4,12 and 4.13 show the temperatures measured by the thermocouples

“that had been inserted in the lining material at position 1.2, see



_ Figure No. 4.2 which Wasfan area of lining under medium pressure during

light clamp load engagemen#s due to the shape of the cushion segments. Only
graphs at this position have been included because on other graphs
thelvalues for surface temperature measured.varied.éreatly due to the
effects of heét spotting. Aithbugh, at positiqn 1.2 the results observed
ffom‘Graphs Nos.'4.iO and 4.11 wére mirrored i.e. the bulk t;mperature of
the flywheel side wés lower than tﬁa; of the‘pressure pléte side, it was
felt that tﬁe.results were clouded by the effects of heat spotting and
that only the metal surface temperature gave reliable results..

Under full clamp load eﬁgagemeﬁts there seemed little variation in
temperatures measuréd at the diffe;ent positions although the incidence
of heat spotting was greater at the higher pressures. ‘From the results it
was decided to concentrate the temperature measurement on only the metal
members surface, in regards to the envisaged work on the vehicle
simulation test rig. The compﬁter program simulation of the above test
rig produced temperatures which were higher than the measured ones, but
the discussion of this discrepancy will be left until a later chapter.

Engagement Characteristics of the Human Operator

Because clutches are operated by human beings it was assumed that the

method by which the clutch was manipulated during the engagement period

‘would vary greatly between people of different temperament, age, sex,

employment, etc. But in order to make an assessment of these parametefs

especially the first, a very detailed questionnaire would have been required,

~and for the small sample study envisaged in this research it was not

considered worthwhile. Instead a short questionnaire, Figure No. 4.4, was
designed to obtain relevant information about the subjects from which

trends may have been clear and to supply information to enable a reasonably




‘average cross section of.Subjects';o be taken. No attempt was made

during this research to obtain the perfect "mister average" used by the
statistician. Not only were the operating characteristics assumed to

vary with people but also with the road conditions i.e. gradient and

in addition to this, most human beings, although being quickly adaptable,

are not able to change vehicles and continue imﬁediately to drive és
they normally would a familiar vehicle. ?heréfore a test route was
choosen which gave.ﬁhe drivef'time tb become familiar with the test
vehicle. The test route covered twanfy miles,the first ten miles of
which was the settling period for the driver, within this period
engagements upon hills, level roads and difficult road junctions were
encountered which enabled most driéers, by the time the first test site
was reached, to have become comfortable with the vehicle. One point
which could not be masked was that of thé idea of being tested, that is
the effect of the éubject knowing that he was being tested and driving
accordingly. To try and alleviate the effect, the subjects were not
informed as to the nature of the measurements until after the test was
complete,
Five &ifferent road conditions were tested for each subject, these
vere:
a. A level road engagement under normal traffic conditions.
b. A level road engapement under congested traffic condition;
- where th;hgbject was asked to propel the'ﬁehicle away
from rest in the shortest possible time.
C. Slight gradient engagement approximately 1 : 28 undér

normal traffic conditions.




d. Medium gradieﬁt engagement approximately 1 : 17 under
normal traffic conditions
e. Severe gradient engagement approximately 1 : 5 under
normal operating conditions.
As pointed out in the section on the mathematical model, the method
by which the clﬁtch was engaged required defininglfor the road conditions

outlined above and in order to do this a number of parameters required

recording during the short time of the engagement period.

Measurement of Required Parameters

When this program of research commenced it was realised that a
considerable amount of equipment was required for measuring and recording
the data and so a reasonably sized test vehicle was required in order to

carry it. 1In order not to put too great a strain on the test

subjects learning capability, it was necessary to choose a popular vehicle

which was easy to drive, hence a medium sized (1.5 litre) British estate

car was purchased.

As wi;h the test rig previously mentioned the information was
transmitted very rapidly, less than 10 secs., thus it was necessary to
record all the signals on magnetic tape using a 14 channel F.M. magnetic
tape recorder. This is shown in Plate No. 4.1 which views the vehicle
interior looking ﬁhrough the tailgate of the vehicle showing the layout
of the equipment. In the foreground are two 12 volt heavy duty car
batteries connected in series to give a 24 wvolts output and used to
power the recorder, shown directly behind them. To the right is
a two channel D.C. amplifier and its battery power supply. All this

equipment was secured firmly to the vehicle to prevent shifting during

the tests.



‘also in place. Before installation it was necessary to calibrate the

Plate No. 4.2 shows. the method of measuring propeller shaft speed.

A six toothed sheet metal disc was bolted to the differential input,

shaft flénge; looking at the teeth was a photocell. The series of pulses

obtained from this system wére‘electronically shaped to a square wave

which was recorded and integrated to give an analogue signal, also
recor&ed. The first spiké from the square Wave was originally iﬁtended
ﬁd tfigger the data logging systém; used later to reduce the results.
This method was found unsatisfactory and replaced by fixing a

clutch pedal operated micro switch to the steering column. Switching,

discharged a capacitor, giving a 1 volt pulse, each time the clutch

‘pedal activated the switch, Plate No. 4.2. Also shown in this plate

is the linear displacement transduéer which was fixed between ‘the bulkﬂ
head and the pedal, to monitor clutch pedal displacement. Engine speed
was measured by conditioning the ignition pulses through a similar type
of circuit used for the propeller shaft speed but in this case only the
analogue.voltage was tecorded.

Plate No. 4.4 shows the strain gauged first motion shaft used to
measure clutch torque. To the left of the strain gauges are the four
copper slip rings, two feeding power into the gauges and the other two
bringing the strain signal out. Shown below the shaft are the four_silvér
graphite brushes, these were lightly spring loaded to ensure continual
contact with the slip rings whilst the latter were rotating; Shown above the
shaft is the moqified release bearing guid, containing the brush |
holders with power and signal leads attached., Plate No. 4.5 shows the

components as assembled in the bell housing with the release mechanism

system and this was achieved using the apparatus shown in Plate No. 4.6.

This consisted of an internal spline into which the external spline of the




‘Behind those is the clutch release arm which was operated hydraulically

. first motion shaft fitted, the other end being supported by a plain

pilot bearing. The.internal splinq from a clutéh centre plate i.e. the hub,
was modified and bolted to the torque arm, the complete aésembly could be
bolted onto a bench thus enabliﬁg weights to be gradually added to the arm.
For a number of tests this method of tdrque measurement was not
available and so in order to obtain an estimate of the energy dissipated

during the engagement another measure of torque was required. This was

.

accomplished by recording inlet manifold depressions and from

performance curves previously obtained for the vehicles engine, a
correlation between engine speed, inlet manifold depression and engine
torque was formulated. ' Plate No. 4.7 shows the system of measuring
inlet manifold depression, a tee-piece was inserted into the manifold
containing an orifice designed to damp out the cyclic pulsatiomns caused
by the difference in cylinder pressure between the compression stroke
and induction stroke of the_engine. The tee~piece was connected to an
inductive type pressure transducer, the oufput of which was fed through
one of the two D.C, amplifiers and the resulting analogue voltage was
fed directly to tﬁe tape recorder. |

Plate No., 4.8 is a viéw looking upwards at the bell hdusing and
gearbox, in situ in the vehicle; the input and output leads of the strain

gauged first motion shaft can be seen emerging from the bell housing.

through 2 rod from a slave cylinder. This rod was strain gauged and
after suitable calibration provided a measure of clamp load used during
the engagement. Also to be seen in this plate are the thermocouple
wires used to monitor the bell housing temperature during the test.

To summarise, the following parameters were recorded during the tests:



"1.  Engine Speed -~ clutch input speed
2.  Propellor shaft speed - ciutch oﬁtput speed
13. First motion shaft torque - clutch torqué
‘> 4. Clamp load
5. Clutch pedal position
6. Manifold depression
7. Trigger Spike
In addition the bell hOuéing teﬁperature wéé observed dufing the
test.

Test Procedure

Each test subject was asked to sit in the vehicle and make himself
comfortable before driving to the site of the level road test. Under
each road condition the subject was asked to perform five engagements

stopping the vehicle between each. The tape recorder was left rumming

during each set of five engagements and a voice commentary used to add

any observations. Before and after each complete test static calibrations
on all channels ﬁere performed to ensure that all the equipment was
functioning correctly. After completion of the test, the subject was
reﬁuired to complete the questionnaire, shown in Figure 4.4.

Each test resulted in twenty five engagements, each engagement
comprising of six channels of data. As forty subjects were to be tested
a quick and compact method was required for réducing the results.

Data Reduction

A computer with a magnetic tape mass storage device was used to

convert all the analogue signals recorded by the magnetic tape recorder

to a digital form. A program was then written to perform all the

calibrations on the signals and to curve fit each signal using sixth order




-polynomials.‘ The'coeffieiente of these polynomials were punched ouf

on paper tape and in addltlon the program also printed out the total
time for the engagement i.e. sllp tlme, on the computer's teletype.
 Becau5e of the llmltatlons of the small computer used for this part of
the analys;s, the rest of the. reductxon was carrled out on a bigger
machine. A sample printout is shown, Appendlx I1I, of the results from
the program used to complete the reductlon. Graph No. 4.14 shows the
results for one engagement, the upper graph is of clutch torque and the
lower graph of clutch inpun speed and output speed.

To perform this type of analysis even by computef‘fof all the
engegements carried out, would be tedious end so these graphs were reduced
to a series of parameters as can be seen in the printout, Appendix II,
vhich were then examined statistically. A break down of all the subjects
tested is presented.in Table No. 4.1,

Results

Graph No. 4.14 is a typieai level noed engagement, the shape of the
curves showm varied_little with nhe type of engagement but the
magnitude of the measured parameters did. Table No. 4.2 shows the
arlthmetlc means of the relevant parameters which can be used to define the
engagement. From this table it can be seen that the wvalues for sllp time
and heat generated calculated by.the theory in chapter 3 were grossly in
error, i e. the slip times encountered in practice are much longer than
predicted and consequently the heat generated is hlgher. Also
noticeable, e3pec1a11y on the gradient engagements, is that time is
spent with the vehicle stationary but the clutch slipping thus
generating heat before the actual engagement. As the gradient increased

the magnitude of the average engine speed increased as could be expected
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‘because the subject was trying to transmit more torque. The magnitude

of thé‘clémp load used dUring the,engageﬁent period is also shown in
the.tablé and as can be Seén, even undér’severe gradient test conditions
itiwgs unnecessary to use mﬁre than 637 of the total available clamp
load and'under normal level road conditions only 307 of the clamp leoad
was used. Thus, proving_thé assdﬁption that maximum clamp lhad is
applied in zero time to be not‘only inﬁalid but also to give erroneous
results. |

By visually inspeéting graphs of the test subjects' engagements
it was found that they fell into three catagdries, depicted by Graph No. 4115
which shows graphs of engine speed and propellor shaft speed for the
three conditions.. These are actuai engagements, the first one is of a
driver who is over zealous with the accelerator pedal and creates more
slip than is necessary to start the vehicle from rest. Graph nuﬁber two
shows a subject who feeds the clﬁtéh pedal out, and depressesthé.accelerator

in an attempt to keep the engine speed approximately constant at his

initial setting. Finally, this test subject allows the engine speed

to fall as the pfopellor shaft speed rises to meet it,

The first engagement resulted in 16.1 KJ of heat being generated
in 3.0 seconds or‘é heat generation rate of 5.37 KW., the second a rate
of 5.4 KW and the third a rate of 2.32 KXW, Which indicates that although .
it is slower, the third type of engagement is preferable with regards to |
the rate of heat generation during the engagement period, but a great
deal depends upon the magnitude of the engine speed.

From this series of vehicle tests the following points emerge:

1. The driver deliberately slips the clutch for quite a



long period before the vehicle begins to move and also
that the total engagement period even on a level road

is in the region of 3.0 seconds.

2. Under normal operating conditions drivers rarely, if
ever, use maximum clamp load when moving the vehicle

away from rest.

3. If a driver wishes to move the vehicle away on a gradient
or at a faster pace than normal he will use a combination
of higher engine speeds and more clamp load, thus

generating more heat.,

4. It is better from a rate of heat generation condition to
allow the engine speed to fall off during the engagement

even though a longer slip time results.

The next phase in this research was to build a test rig, upon which
the vehiecle could be simulated and measurements of temperature carried
cut. Also the theory required modifying in the light of the knowledge

obtained from the above tests.



BREAK DOWN OF TEST SUBJECTS

SEX

 MALE 717%
FEMALE 29%
NUMBER OF MILES DRIVEN PER WEEK
0 - 50 2z
50 - 100 22%
100 - 200 207
OVER 200 34%
MARRIED 607%
UNMARRIED 407
EMPLOYMENT
TRANSPORT 5%
MANUAL 243
CLERTCAL 243
PROFESSIONAL . 47%

TABLE NUMBER 4.1
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"ARITHMETIC MEAN OF ALL VEHICLE TEST RESULTS

Test Gradient Heat Propellor Maximum Minimum Average Total Slip Time -Clamp
Conditions Generated Shaft Engine Engine Engine Slip Prior to Load %
' Mg—g Accelerafion Speed Speed Speed Time Start of of
{RAD/S: (RAD/3) (RAD/S) (RAD/S) {8) Propellor Maximum
1 . ) Shaft- : '
. : Rotation
(s) .

e LEVEL ROAD = LEVEL 9.98 ' 84.0 196.0 112.0 139.0 . 2.8 0.5 - .30
QUICK START = LEVEL - ~ 17.87  117.0 252.0 124.0  211.0 2.4 . 04 59
MEDIUM GRAD 117 17.95 - 82.0 211.0 112.0 169.,0 3.4 1.2 © - 48
SLIGHT GRAD 1 : 28 - 14.42 86.0 200.0 107.0 . 160.0 3.1 1.0 43

SEVERE GRAD 1

[V, ]

34.40 45.0 248.0 101.0 179.0 .~ 45 11 . 63

TABLE NUMBER 4.2
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LOUGHBOROUGH UNIVERSITY OF TECHNOLOGY °

DEPARTMENT OF TRANSPORT TECHNOLOGY '

VEHICLE TEST

Test Number:

Date of Test:

1, Sex: Male

- Female’

‘7.. 'Employmem::
Transport
Light manual
Heavy manual
' Clericai
Professional
8, Job déécription:

" ELGURE_NO. L.
| o

o
12

2. Average number of miles driven pe:.week:
0-5 . 50~-100 100 -200 200 - 500 500 - OVER .
|
- 3. Weight: 8t lbs.
4. Height: fc. ins,
5. What type of vehicle do,yoﬁ normally. drive? - .
6. Marital status at present time: -
Married Unmarried

-




SURFACE TEMPERATURE VARIATION WITH SLIP VELOCITY
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CHAPTER 5

VEHICLE SIMULATION TEST ﬁIG




At this point’in the research a study of the purely theofetiéél
approach had been made and ghgageménts under various diffefent physical
conditions with a wide variety of driﬁers observed. What was then
needéd was a method whereby thé vehiclé~drivef.combination could be
simulated without the complexif&'of a vehicle. This suggested a test rig
with automatic control of clutch éﬁgagement, throttle and dat; acquisition.
As with the test rig used in'chépterlé the data acquisitioﬁ required a
rapid sampling rate, but aiso it was necessary to control the rate of
application of the clutch according to the con&itions being simulated.

In order to.accdmplish-fhis a mini computer with sixteen analogue to
digital input channels and tw& digital to analogue output channels was
employed, Plate No. 5.2.' Uéing this equipment meant that the test rig-
could be operated by someone not skilled in the ways of either the
mini computer or the test rig. The program, shown in Appendix II, was
written to control the test rig and was éf a conversational type, i.e. once
loaded into the computer it worked on a question and answer basis with the
operator.

Test Rig

If a vehicle is considered on thé point of moving away from rest on
a gradient the forces to be overcome by the torque transmitted through the
clutch are:

1. The inertia of the vehicle to be accelerated
2. Rolling resistance of tﬁe vehicle
3. Compenent of the mass of the veﬂicle acting down the slope.

Each of these forces had to be.simulated by the test rig, therefore

"taking each in turn, the inertia to be accelerated was simulated by

replacing the mass of the vehicle plus the inertia of the rotating parts
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‘0of the drive-line downstream of the engine, by a flywheel of equivalent

inertia.

- The coﬁponent éf the vehicle mass acting down the slope and the
' roiling resistance was taken care of by bolting a disc brake assembly to
the end of the clutch output shaft, thus enabling a constant toérque to be
applied to thg shaft. Plate No. 5.3 éhOWS the mounting position of the |
disc brake assembly as well as its method of application. The brake pedal
was added to provide an emefgency stop mechanism.

The test ;ig, Plate No. 5.1, comprised of an engine driving a tlutchl
‘assembly, mounted remote ffom the engine to allow for ease of access, with
the output shaft of the clutch driving through a dynamometer to the inertia
flywheel and diSC bréke. The reason for the dynamometer was that its power
absorbtion by drag was p:oportional.to speed to the power 2.8 (wz's).and the
aerodynamic drag of a vehicle results in a power loss proportional to |
speed cubed (v3). The clutch was engaged and disengaged using an
electro-hydrauiic ram, Plate No. 5.4, which was controlled either manually
or by the computer through the control box shown below the ram mounting
frame in the plate.

Elate.No. 5.5 shows the system used for manipulating the throttle,
the diaphragm actuator,-being previously used on a distributor automatic
timing advance and retard mechanism, was connected into the thro;tle
1inkagé so that when the engine came under lecad during an engagement
the increased inlet manifold depression opened the throttle. Bf yarying
fhe internal springs of the device the correct response was obtained to
prevent the engine stalling during an engagement.

In addition to the basic hardware of the test rig

instrumentation was needed in order to monitor the parameters
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relevant  to the engagement.

\
\
Instrumentation : o C : ‘. :

The cémputer was used to log and store éight 0 to ii volt input

- channels at time intervals decided by the operator, the pa;ameters
| monitored were: |
| | 1. Azcéiibration signal of 0.492 volts.

2; Engiﬁe speed.

S 3. .Braké dynamometer speed;

_ 4.. Clutch torque.
3. ﬁlamp leoad.
6. Flywheel surface temperature.
7. Pressure plate.surface temperature.
8, Ram displacement.

The calibration signal was used as a check on thg accuracy of the
computers analogue to digital convertor and was also used to trigger the
commencement of a cycle., That is when the calibration signal was
switched to channel number 1 the computer sensed this and commenced the
engagement. |

The engine speed and Erake dynamometer speed were measured using
sixty toothed wheels, see right hand side of Plate No. 5.5, and inductive
pickups. The signals passing through a fréquency to voltage circuit to
be displayed on the test rig console on meters and also passing to the
ﬁomputer. |

Clutch torque was measured by strain gauging the first motioﬁ shaft

- of the clutch assembly under test, a full strain gauge bridge arrgngemgnt
being used to minimise errors from shaft bending. As the shaft was

rotating the difficulty came in recording the strain signal, to do this




a‘teiemetry system was developed, and can be seen attached to the shaft
left hand side of Plate No. 5.5. Thg signals from the strain gauges were
D.C. amplified and then converted into 10 u sec. pulses the frequency of
which was proportional to shaft #train. These pulses were fed into an
inductive coil rotating with the shaft; a stationary inductive pick-up
was positioned within 0,050 inches of this rotating coil thus collecting
the strain signal. This signal was then passed through a frequency to
voltage converter tﬁe resulti;g anaiogue signal going to tﬁe domputer

and a display meter graduated in p-strain.

As on the teét vehicle clamp load could not be measured directly and
so a link which can be seen in Plate No. 5.4 at the end of the hydraulic
ram was strain gauged and a calibration carried out between a load cell
clamped between the clutch plates and the rod strain.

“Thermocouples were inserted into the pressure plate and flywheel
at the surface in or&er to measure thé temperatures and as these
components rotated during an engagemeﬁt, the system of telemetry used on the
test rig in chapter 4 had to be used in order to record the signals.
Plate No. 5.6 shows mounting.ppsition_of this equipment on the test rig.

The finai parameter to'be measured was the displacement of the
_ hydraulié ram which was used as a feedback for the control of the ram
and was also monitored by the computer. Plate ¥o. 5.7 shoﬁs the linear
displacement transducer, which was used for the measurement of ram
displacement, fixed in ﬁosition at the back side of the ram.

The operation of the test rig, the connection of signal leads and

‘computer program loading instructions are outlined in Appendix II along

with a program listing.



.Program Theory

From the experience gained with the test vehicle the followiﬁg
rdescripfion is considered to be representative of how a driver engages
a clutch.  The clutch pedal is released quickly until the engine speed
faulters or the vehicle shudders, whereupon the rate of release of
the pedal is reduced i.e..during'tﬁe period when the vehicle starts to
move. The cluteh pedal is fully released when the slip speed approaches
zero.- ﬁuring the engagement the driver applies more throttle depgndant
upon the behaviour of the engine i.e., if the engine decelerates rapidly
the throttle is opened and viga versa.

In order to simulate exactly this method of control much more
sophisficated equipment than that available would be required and so the
above description was simplifiéd to the flow chart, Figure No. 5.1l;
modulation of the throttle being taken care of as previously described.
The brogram written to perform the operation of the test rig was also
required to sample the eight data input channels and process the
éignals ready for output by the required peripheral device between
engagements. .

The time interval of sampling was set by the operator, dependant
upon the type of conditions being simulated, even so the intervals had
to be multiples of 0.1 secs. as this éllowed the program to be simplified
somewhat., Also, this timing constraint allowed the'logic outlined in
Figure No. 5;1 to be carried out at 0.01 sécs. intervals which enabled
effective control of the ram engagement, The time required ﬁo sample the
" eight input channels was less than 0.0l secs, therefore the sampling could be
carried out without affecting the control section of the program. The
maximum number of samples allowed by the program was 100, if this number was

reached before the engagement was complete the program printed an error
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‘ﬁeséage,_before outputing'the results. This constraint on the nﬁﬁber.of

samples wés due to lack of Eore storage ﬁithin the computer aﬁd the.‘
unayailability of a mass storage device.

At synchronisation of ﬁhe two clutéh.members the program automatically
stopped the engagement and diééngaged thé clutch, preventing.over heating _
of the disc brake when Simulétingréradient engagements.

Results

The data from each series of tests was output by the computer on
punched paper tape for processing by a 1érger machine, which drew graphs
similar te that shown, Graph Ne. 5.1. This graph is similar to the bottom
graph shown in a previous chapter, Graph No. 4.15,‘which was draWn.
from the test wvehicle results. The engine speed was allowéd to fall off
as the clutch engaged therefore the clutch did less work during the
engagement. |

'Thg torque‘signal shown can be seen to increase fairly linearly with
time during the engagement. Ihis signal is the average torque and
not the true signal, the reason for this is that the‘toque signal
fluctuated at a frequency of appr0ximateiy 13 HZ, as did the test
vehicle signals, but as the sampliéé frequency of the computer was only
10 HZ, a phenomenon known as aliasing was encountered. This is illustrated
in Figure No. 5.2; if the top line is the frue signél and the chain
dottea lines indicafé sample intervals the bottom line will be the
signal "seen" by the computer., In order to show clearly the 13 HZ
frequency and assuming that three points are needed in order to define
- one full cycle of a wave form, a sampling frequency of 39 HZ would be
required. This sampling frequency would need a time interval between
samples of approximately 26 milliseconds which was not possible if all -

eight channels were to be sampled and the ram controlled., The torque

[y
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signal was smoothed by statiétically'cuive fitting when the results
were processed on the larger machine.
Iable'No. 5.1, gives details of a.number of engageﬁents carried out
under different conditions each set of figures is an average of ét
least six engagements. Due to the newness of the dynamometer'used on
the test bed, the level road engagements are not strictly level road.
This was because the drag.torque due to the bearings and seals within the
“dyﬁamometer was higher than the level'roéd drag ﬁorque of the test
vehicle. This charactersitic will diminish as the rig is used more
often but eveﬁ so the figures shown in the first row of the table agree
.well with those obtained during vehicle testing. The temperatures
measured during these tests indicate that a normal start from rest on
a level road raised the surface temperature in the region of ten
degrees which would cause a bulk temperature rise of'éround one or
two degrees. |
The next stage was to investigate if gradiénts could be simulated
effectively by the test rig, a load was applied by means of the disc
brake assembly and the next three rows of figures show the affect of
carrying.this out. The sli# times increased, the heat generated rose.and
so did the measured surface temperatures, following a similar pattern
to the test vehicle results. The choice of g;adient was difficult and the
figures shown are approximate values calculated from the measured torque
required to cause the output shaft to rotate.
Finally the effect of engine speed was investigated by raising the
initial engine speed before the clutch started to engage. The final
two rows in Table No. 5.1, show fhe results obtained, the slip time

increased slightly as did the output shaft acceleration but the major
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increése_came in the heat generated.

These results indicate the need to keep engine speed down during
the engagément period in order to reduce clutch temperatures but that
more thefmal damage occurs when engaging the clutch whilst on a gradient.
This test rig gives results similar ﬁo th;se of the test vehicle and
provides a simple—to-use test facility. However, the theoretical model
predicts short slip times which indicates a necessity for a closer
look at the theory now that the test rig has beeﬁ used to simulate 5

driver-vehicle combination with some degree of success.
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ENGAGEMENT
CONDITIONS

LEVEL ROAD

1 :10

LEVEL ROAD
INITIAL SPEED
250.0 RADS/SEC

LEVEL ROAD
INITIAL SPEED
300.0 RADS/SEC

MAXTMUM
ENGINE
SPEED
RADS/SEC
230
251

285

302

272

312

MINIMUM
ENGINE
SPEED
RADS/SEC
122

84
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©o131

153

181

AVERAGE
ENGINE
SPEED
RADS/SEC
190
190
245

238
224

260

SLIP  HEAT
TIME  CENERATED
SECS KJ
2.1 10.6
2.3 17.1
3.6 ©30.4
5.2 50,7
2.4 15.0
2.4 18.2
- TABLE NO. ‘5.1

OUTPUT
SHAFT
ACCELERAT ION
RAD/S/S
80.0
62.0

65.0

82.0

89.0

RISE DURING THE
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AVERAGE TEMPERATURE
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12 10
20 19
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Lé 37
14 13
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CHAPTER 6

"REVIEW OF MATHEMATICAL MODEL
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‘Introduction

The digitai computer simulation of a clutch engagement has been

shown to predict slip times and heat generated which while.agreeing

" closely with theoretical work carried out by other researchers working

in this field, does not agree with the values obtained from.the_fest
vehicle or test rig results. Also the predictéd temperatures were fag
highef than those meaSufed on the rig tests and although some of.;his
discrepancy (less than 10%7) could be attributed to the‘method of
measurément of the surface temperatures there is also a large qhantity

of heat flowing radially across the surface of the clutch, thus presenting
a two dimensional heat conduction problem. If this heat flow radially
were to be included in the model the complexity of the relevant equations
would increase from n fo n2 where n_is the number of mesh points considered“
within the material. Therefore it was felt that rather than push the model

into a more complex form, for what would be a minimal gain it would be

. better to keep the simplicity and accept the limitations, a more complete

discussion will be given later.

Regarding the slip times and heat.genérated-however it was felt that
large improvements could be made by incorporating into the theory what
were considered to be two major stumbling blocks:

1. The constraint of a constant enéine torgue

2. The human element in clutch manipulation

Engine Characteristics

Béfore test work began with thé vehiele the engine was removed and
fitted onto an engine test bed, upon which.a full performance test was’
carried out. Therefore it was possible to interpolate, from the graphs
draWn;.the‘engine power being deliveréd, given a value for engine speed

and manifold depression, see Graph No. 6.1. This graph was approximated
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"by a number of polynomials and included into the digital-simulation,k

by adding the solution of one more differential equation to the problem.

AP
C— = E(R)
3t

. The function £{t) being the response of the engine to the throttle,
which was estimated from the vehicle test results. '
Thus allowing the model to respond as the vehicle would to whatever

inputé.were fed via the clutch pedal, This only left the nature of

’

these inputs to be considered and from the vehicle test results they

appeared to be of a linear ramp form similar to Figure No. 6.1.

Operator Characteristics

The initial steep ramp is during the period where the clamp load
is raised from zero to the value at which the propeller shaft commenced

to rotate and is dependant upon the engagement conditions. The

. secondary ramp is where the vehicle commences to move and continues

*

until the clutch plates are synchronized. The final ramp generates mo

heat as the two piates are rotating at the same speed and are not

. therefore included in the model.

For the.initial ramp the model shown in Figure No. 6.2 was
considered where the output side of the clutch is stationary and the

engine speed constant. Thus giving the following equations:

oP
~— a f{gradient, t)
3t



—2 2 £ % = 0 a5 T = T
ot 1 & ¢
e
3Q
——:T*w
at ¢

The integration of the above differential equations yielding
the heat génerated during thé period before the ﬁropelier shaft started
to rotate and also giving the iﬁitial conditions for the integration
process go%erning the synchronizing time of the clutch. |

.During the period of time when the clutch plates are synchronizing
the model in use was the same as outlined in chapter 3, with the inclusion
of the engine characteristics. But the clutch was engaged at a rate
dependent upon how the enginé perférmed'i.e. if the engine accelerated,
the rate of clutch engageﬁent was increased and vice versa. Also built
into the program was a safeguard so that if the engine speed fell below
100.0 rads/s the clutch application céased uﬁtil the engine speed again
rose above 100.0 rads/s. The values for the rate of application being
deduced from the pfactical.tests.

The model, after the inclusion of these modifications gave a more
representative simulation of an actual engagement than the previous
purely theoretical models and allowed for detailed studies of parametric
variations or repeated engagements to be made easily. Appendix III,
contains the printout of the two programs written using the two different
" types of temﬁérature solution and also gives a detailed description of

how to run the programs and what the various switching options are.




'Resﬁlts

The fesults of a\digi#ﬁl simulation can be seen_tabﬁlated in
Appendix III, but Graph No. 6.2 depicts a typical engagement and is in
S a similar form to the results obtained from Both the test vehicle and
‘the test rig, For comparison, values‘of resu1ts from several runs have
been tabulated, Table No. 6.1, cbﬁﬁa{ns level road engagemenés only. The
first row being the results frém a normal engagement, with an initial
eﬁgine speed of apﬁroximately 200.0-fads/s which was allowed to decay
during the engagement. These results are similar to those obtained from
 the test vehicle although the slip times aré shorter. 1In chapter 4 it was
mentioned that the clamp load was aPplied until the clutch was
‘transmitting enough torque to move ﬁhe vehicle éway from rest, the length
of this period varying with.the gradient and the driver. In the digital
simulation this time period was controlled by applying the clamp loéd at
the same rate, regardless of gradient, until the clamp load required to
prevent the vehicle roiling backwards was reached.

The next two rows of Table No. 6.1 show the affect of varying the
 resﬁ6nse of the engiﬁe i.e. how much throttle was used during the
engagement period. These results indicate that for a fast engagement
it is better to use minimal thfottle and this will also give lower heat
generation. This may.at first appear contrary to what actuallf happens
but in practice a_fast clutch engagement is usually, hand in hand with a -
fast "getaway", Which will mean high enginé speeds and‘high propeller
sh;ft accelerations. 1In the case shown the vehicle was merely requifed
to move away smoothly which can be carried out with low engine speeds,
but at the sacrifice of acceleration.

Next in the table the effect of initial engine speed upon the
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_engégement is presented, with all other parameeers yemaining eonetant,
In this case as engine séeeﬁ rises, the heat generation end slip time
increases, this is because-the clutch was required to transmit the same
toréue'in order to move the.vehicle from rest, bet at the higher engine
speed more work must be dome. The finai row in Table No. 6.1 shows
" the effect of increasing the-engagement speed which brings down the slip
time and heat generated bﬁt inereaees fhe propeller shaft'acceleratiqn,
jAll-these parametefs are varied by the driver, during the engagement -
period, in order torobtain the desired engagement.

Table No. 6.2 shows the effect of gradient variation i.e..longer-
.slip times and higher heat generatien but the slip times do not compare
with those cbtained during the Vehiele tests. The cause of this
discrepancy is the-human element, only a very simple model of the vehicle
has been considered. The digital model couid, by varying ehgine response,
N engagement speed and initial condltlon be made to give results similar
to those measured. Domng this for a partlcular vehicle would then
enable parameerie studies to be carried out and the effect of the .

variations for that particular vehicle noted.
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ENGAGEMENT
CONDITIONS

LEVEL ROAD
STANDARD

LEVEL ROAD
FASTER ENGINE
RESPONSE

LEVEL ROAD
SLOWER ENGINE
RESFONSE

LEVEL ROAD
INITIAL ENGINE
SPEED., 250.0

LEVEL ROAD
INITIAL ENGINE
SPEED. 300.0

INCREASED
ENGAGEMENT
SPEED '

MAXIMUM

ENGINE
SPEED

RAD/S

200.90

200.0

200.0

250.0

300.0

200.0

MINIMUM

ENGINE
SPEED
RAD/S

149.0

167.0

146.0°

185.0
212.0

130.0

AVERAGE

ENGINE
SPEED
RAD/S

183.0

188.0

183.0
224.0
278.0

188.0

SLIP  HEAT
TIME  GENERATED
s  KJ

2.15 9.50

2.31 10.43
2.0 9.10

2.4 13.91
2.6 19.22

1.6 8.05"
TABLE NO. 6.1

OUTPUT
SHAFT
ACCELERATION

_RAD/s/s

77.0
80.0
8.0
84,0
89.0

93.0

AVERAGE TEMPERATURE
RISE DURING THE
ENGAGEMENT

DEGS. C

PRESSURE PLATE METAL MEMBER

4.0 - 40.0
a0 1.0
43;0 1“- ! . 39.0
'-sg.o .  - 56.0
s2.0 B 760
45.0 | - ',40.0 :
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CHAPTER. 7

DISCUSSION




The discussion follows a similar pattern to the rest of ;his thesis,
in that éach topic will be:dealt.with in turn and at the end, the
research as a whole will be reviewed.

Initially a mathematiéal model ﬁés froduced Which was constrained
by the same assumptions as wéfe'previOus theoretical models and it was fognd
that the two different apprﬁache§ i;e.‘the analytical and digital, yielded
the same results. Now, as bné of ﬁhe more obyiously erring assumptiéns.
was that the clamp load was applied in zero time, this was removed from the
digital model and replaced by assuming the élamp load to increase linearly.
throughout the engagement period until full clamp laad had been applied.
This modification was shown to increase the slip time, heat generated aﬁd
ultimately the surface and bulk temperature of the assembly. The reason
why this happened wés that the model was still comstrained by another.
assumption; that of constant engine torque being delivered by the engine
throughout the engaging period which again is obviously in error. In
addition, whilst looking at the problem it was decided that the |
coefficient of friction variatioﬁ was not as simple as had previously been
assumed.

These points led to two separate investigations being instigated:

1. The variation of coefficient of friction dgring the

engagement, |
2. The manner of clutch manipulationvby the driver‘during
-the engagement. |

Investigation into coefficient of friction and surface temperature

For the first investigation an existing test rig was utilized, and
a clutch assembly fixed therein. Numerous thermdcoupleé were inserted

into the friction materials and also at the friction surface of the
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pressure plate and the flywheel. From the results of many repeated
engagements it was hoped to build up a pattern of temperature variation
across the cushion segments in addition to defining the coefficient of
ffiction variation with clamp pressure, surface temperature and slip
‘velocity. To reduce errofé in measurement ,calibrations were carried
out through all the signal conditioning equipment and also thrpugh the
recording syétem. Before each test spot checks were made to confirm
that the equipment, signal conditioning and recording was still
functioning correctly. This procedure was fqllowéd throughout all test
work carried out during this‘research. |
For the friction material a sample of the results was presented
in chapter 4 and showed some scatter and inconsistancy. As inaccuracies
in the equipment and measuring system had been cut to a minimum by the
"through" calibration and spot checks, the answer must be sought elsewhere.
Firstly, #fter discussion with a friction material manufacturer,
_preésure plates were examined which had surface patches where the metal
appeared to have locally melted and had flowed in the direction of
slip, this phenomenon was caused by what is known as heat spotting.
It can occur in clutches under light or heavy duties and its choice of
position appears to be arbitrary. Secondly, the friction material used
was an asbestos yarn, bound with zinc wire coiled and set in a resin,
so if one of the thermocouples was in tﬁe near vicinity to the zine, it
would receive the heat from the interface at a much faster rate than
a thermocouple positioned farther away. These two explénations are
" -suggested as the cause of the varied results obtained, during the
measurement of the friction material temperatures.
However the temperatures measured by the thermcouples inserted

at the interface surface of the pressure plate and flywheel gave
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4repe#tab1e results. In ordér‘éo check the vglidity of the.matheﬁatiéal
.model, the data relatingftofthe test rig was inserted into the progrém
bﬁt thé resulting teﬁberatﬁres were.much higher than those measured

i.e. maximum surface temperéturg of around 85°C.égéinst 180°¢ predicted.
Bulk ﬁemperatﬁre of 50°¢C against_i300C prediéfed. The bulk temperature.
of the assembly was measured after 10 seconds had elapsed, since the

end of the'engagement'but it is‘réélised that for a true bulk temperature
a settling time in the region éf iO mins. should be allowed. During a
‘cobiing curve carried out on tﬁe assembly the th;oretical results drew
closer to the measured as time increased.

A first reaction was to suspecf the thermpcouplesrbut on checking
the response.of these by applying a-large quaﬁtity of heat to the metal:
surface and monitoring the rise time of the embedded thermocouples to
that of ong‘sandwiched on the surface, thefe was no deteétable difﬁerence.
Some of the measured against predicted difference of the clutch
temperatures can be attributed to experimental error, in that the
program simulates the ideal case whereas on the rig uneven clamping and
excessive wear particles cause inefficient thermal contact at the mating
surface. Both conditions tend to lower the measured temperatures by
allowing heat to flow radially outwards. Even so the discrepancies
were large enmough that the assumptions surrounding the theoretical model
became suépect and required examination.

The major assumption was that of a one dimensional heat conduction
model, Figure No. 7.1 shows a scaled diagram of the flywheel and of the

- assumed model, with the mass of metal of each printed‘at the side. As

the metal members of the clutch absorb approximately.982 of the total
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'heat generated the friction materials may be neglected for this‘érgument.l
If the anﬁulus of Figure.Nb. 7.1 is assumed to have the.same mass aé
thg_actuél flywheel, the tfansient teﬁberatures predicted are reduced
to ﬁearer the measured-valués., This sﬁggés;s a two dimensional model
would give more accurate resﬁlté, and éo’in order to substantiate this
an extré thermocouple was iﬁsertéd_radially out from one of ihe others
in order to monitor the heat flow in that direction. The results showed
that heat was flowing outwards from ﬁhe fubbing surface very rapidly.
From the above évidence it was concluded that the temperatures
measured were accurate but the one dimensional model is nét a true
description of the thermal system.- As has already been pointed out the
complexity. and executionltime would rise from n to n2 where n is the number
of mesh points under congidefation if the change from a one dimensional
to a fwo dimensional model was made. One of the aims of this research
was to produdé a usable tool and so the decision was made to utilise
the one dimensional model accepfing the over prediction, but noting that
if the model is used only for parametric studies the absolute values
can be ignored. In order to correctly test the validity of this
aésumption it would be ﬁecessary to'program the two dimensional model,
. which could be éerformed at a later date as an academic exercise. However,
the assumptiqﬁ would appear correct from the results obtained earlier
when the one dimensional model was constrained to have the same mass
as the vhole flywheel,

The measurement of coefficient of friction and its variation with
surface temperature, clamp pressure and slip velocity has been
ﬁresented as a series of graphs which define this va¥iation. The

methods used to obtain these results were tedious but could be




-aufomated using the on-;ine computer. As the'teéhnique uéed to‘
describe fhe variation wésiof an empirical nature the results should be
understood to apply only for the type of'clutchui.e. size, friction -
matérial used and the pastlhistoty of ﬁsage._ The clutch used for the
test was new and the lining ﬁés‘gently but fulLy bedded before_the
‘test.  This procedure was eﬁployéd_fbr,all the test work. The éffect of
making three different aSSumpﬁions'in so far as the simulation is
.concerned, with regards to coefficient of friction variation, can be
seen below:

ll Assuming_kept.constant. At average level between the
static and dynamic goefficient of friction, gives slib
time 0.5 secs. and heat generated 6.02 KJ,

2. Assuming variation with slip velocity only.: Gives sliﬁ
time 0,56 secs. and heat generated 6.31 KJ.

3.  Assuming variation with slip velocity, surface temperature
and clamp pressure. Gives slip time 0.53 secs. and heat
generated 6.09 KIJ,

These figures were obtained from the digital pfogram and show that
the above assumptions for coefficient of friction variation have little
affect on ﬁhe heat generated and in addition to this as large a variation
cén be obtained by an error of 107 in the thicle mass.

Vehicle Test Work

As with all the instrumentation mentioned previously, that of the
test vehicle was calibrated through the whole of the signal conditioning
equipment as well as the recording system, in orderlto minimise
experimental error. Trouble was experienced when measuring the dynamic

torque in the first motion shaft, because the signal was extracted from



"ﬁhé rotétihg shaft using a slip ring and brush assembly. If the slip
rings became contaminated, which happened frequently even though‘éare
had beéq taken to seal all the sources of éontamination, the signal to
noige raﬁio became bad enough to render the results meaniﬁgless and
so a close watch had to be kept aﬁd the assembly dismantled at regular
intervals for cleaning purposes. As a secondary torque measuring system
a correlation was obtained between inlet_manifold depression, engine
speed and torque delivered, but this correlation assumed steady state
conditions which,.for the engagement period, was a reasonable .
assumption. A comparison of the total heat generated and the maximum
torque transmitted during.the take-up period show agreement within 5%
for the two methods used.

The method for measuring clamp load was strain gauging of a rod
in the clutch linkage and was susceptable to inaccuracies céused by
hysteresis in thé‘clutch actuating linkage, but if the clamp load was
continually increased. throughout the engagemeﬁt these inaccuracies had
negligibie affect. The signals from the linear displacement transducer
monitoring the clutch pedal moveﬁent showed that in general the pedal
was released continually throﬁghout the engagement and that the omnly
point of mndulation occurred when the initial "bite" of the plates was
felt.

The results were split into three different patterns of engagements,
these patterns forming general groups under which the majority of the
engagements could be classified although there was some overlap between
the thfee groups. It was observed, from the results what operating
parametersAaffécted the engagement charécteristics but when a correlation

was attempted using statistical techniques, no definite conclusions could




be drawn. In ordef to a;rive at définite correlations much mérg:test
vork wQuld be required? eouﬁled with detailed questionnaires to define
the type of driver. Also ghe instrumenﬁation and processing of

resﬁlps would need improviﬁg But_ghis Was‘no;‘considéred économic or
indeed worthwhile for this prbgram of réSearch. These results show hoﬁ
the clutch was manipulated b} the'ﬁrivers and géve indications of which
characteristics affect the hea@ genérated and hence the temperature
rise within the clutch. Also, these fesults formed a good basis for

comparison with the rig test work and theoretical work that followed.

Vehicle Simulation Test Rig

As mentioned in the chapter deécribing this test rig, it-was at-
the time of testing not possible to.carry out true level road tests
because of the drag in the dynamometer seals, which effectively caused
the simulation of approximately 1 : 30 gradient but this affect will
disappear with ﬁse. The results obtained compare well with those from
the test vehicle but it was difficult to choose ekactly the type of
gradient required to be simulated beqause of the insensitivity of the
disc brake assembly. To combat ﬁhis, if the disc pads were replacéd
with ones made from a material having a lower coefficient of friction,
the‘adjustment of drag torque‘would be more sensitive.

The basic hardware available within the computer, for the timing -
of the interrupt intervals only allowed intervals in orders of ten from’
0.0001 to 1000.0 seconds and also the software for driving the
teleprinter did not allow interruption whilst it was in opération,
. without an error condition being set. This meant that a 100 second

interval was the only one which would allow the printout of results




pétwéen engagements, thus limiting the repeatability of engagements:'
This can be overcomé but requires more complex pfogramming, at a |
systemsfle?el, which was not felt necessary at this stagé. The program
was capable of carrying out multiple engaéements.automaticélly but.for
each engagement the conditions had to remain the same, even so this test
rig is capable of testing clutches under similar conditions to those
encoﬁnﬁered in service. To enable more realisticlconditions to be
simulated the test rig wduld'require modifying to allow automatic
application of drag torque and the settiﬁg of engine speeds by computer.

. All this could'bé accomplished reasonably simply from both the |
mechanical and progrémming side and the result. would be a test rig
capable of being.programmed to simulate a given test route or set of
circumstances.

Theoretical Model

By inserfing the engine performance characteristics in to the program
and also applying the clutch dependant on the behaviour of the engiﬁe,
slip times and heat generation of more sensible levels were obtained.
which agree favourably with the-réSults from both the test rig and
the test wehicle. Tﬁe probleﬁ comes when trying to simﬁlate the driver,
the model as programmed will engage the clutch in a manner not unlike
some of the practical tests but if the conditions are changed the model
does not necessarily follow the same pattern as the practical tests,

_ even though the heat generated agrees, as can be seen from the fesults.
This means that although the affect of changing parameters within the
vehicle may be observed, in relation to the hegt generaﬁion, it will
not be poésible to see the affect of this parametric variation on the

pattern of engagement. However given the results of a test on a
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particular driver, he could be simulated with some degree of accﬁracy;
but asAthe.model stagds.it is not possible to simulate say driver Y
without pfior knowledge of ﬁis driving techniquef To do this would
require detailed studies of arivep behaviour to'provide a correlation
between.his temperament and dfiving tecﬁﬁique.

The difference in tempefaturéé‘between those predicted aﬁd those
ﬁeasured has already been discqssed; suffice to say that in respect.to
the simulation of actual engagements the pfedicted peak temperatures
weré found to be approximately double the measured. .Care will have to

" be taken when using this modei for predictions of magnitudes but the model
will be invaliuable for comparipg sifuations.

To summarise this program of research, a theoretical model has been
produced giving a usable design tool bearing in mind the limitations -
mentioned above. A method for défining the variation of coefficient of
fric;ion with pressure, temperature and velocity has been tried and

. proved to work but its affect when incorporated into the mathematical
model was. found. to be sméllf A computer controlled test rig has been
designed and the results were in agreement with tests carried out on

subjects in a specially instrumented vehicle.
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CHAPTER 8
CONCLUSICONS
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1.

L e

A mathgmatical model has been produced which will enable
parametric studies of a clutch to be made. The model can
similate the driver/vehicle combination and is not confined
to the dynamics of the clﬁtch as was the case in earlier

publications.

A computer controlled test rig has been developed which will
allow clutches to be tested under "in service" condltlons and

éxcludes all the tedious data reduction.

Both the digital simulation and the test rig simulation provide
an ideal basis for a similar study aimed at the problem of clutch

judder.

Assuming the coefficient of friction to be cons{ant instead of
allowing it to vary with pressure, temperature and slip speed had
a similar effect to making a small error in the vehicle mass.

A method of defining the variation of coefficient of friction was-

tried but was not found to be satisfactory for general use because

of the lengthy reduction of results involved.

The most notablé difference between the operating characteristics
of the different drivers was the way in which they modulated the
engine throttle. A driver who attempted to keep the engine speed
high during an engagement, by progressively opening the engine
throttle whilst engaging the-clutch, generated a significantly
larger amount of heat than a driver who allowed the engine speed

to remain low throughout the engagement.

1
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6. A prolﬁnged siip time caused by gradient starts or bad driving
| technique, can generate at least as much heat during an
engagement as would a so called racing start where high engine'
speed is maintain.ed throughout the slip period. :
' (
|
. |
|
|
|
\
1
|
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CHAPTER 9

FURTHER WORK
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‘During the test work carfied out in this researcﬁ it was noticed
;hat.the torque signal near the end of the synéhfonization period began
to osci;late at a frequency of approximately 13 HZ. This phenomenon was
"observed‘éuring both the vehicle tests and the rig tests even though, on

the test £ig, the driveline was very much stiffer and the only flexihle_
part was the cushion springs of the centre plate. On the test vehicle
there was little physical sensation of vibration, but under certain
conditions a transmission vibration could be félt: It is thought that
these torque fluctuationms are the éxciting forée behind what is more
commonly known as clutch judder., This is a condition where the whole
of the driveline vibrates severely and does inhibit clutch take-up as
‘well as causing driveline damage.
The engine test rig provides a good starting point for a.program
of research into clutéh induced vibratibns, in that relevant parameters
_ can be measured and the control and data acquisition can be carried out
automatically using the computer. The program for sampling the input
channels would need a minor modification to allow a sampling rate fast
. enough to define frequéncy up to 20 HZ. 1In addition, the éffect of
varying driveline stiffnesses could easily be seen by inserting xubber
couplings of different torsional stiffness into the existing driveline.
" In time the test rig could be extended to enable the engine to drive
the dynamometer through a gearbox and axle each mounted to allow
"in-service' movements.
Again testing on vehicles prone to judder would be necessary in
order to try and isolate the source and to define operating factors which
l.affeCt it. Thére would be a need for a mathematical simulatidn, which

could possibly be built around the existing model but perhaps the use of
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.one of the neﬁ sophisticated analogue simulation languages may simpliﬁy
the solution of the numerocus differeptial equatidﬁs governing the
torsional oscillation iﬁ a system as complex as the driveline. Building
:the new model around the existing one, which could be supplied with

1a11 the data required to simulate the test rig, would provide a method of
cross checking results as the research developed.

| Although mahy hours of researgh have been spent by companies into
. trying to solve the problem o¥ judder there is still a void and much
disagreement between rivals.as to the primary causes. So a program of
research into this phenomenon,'along the suggested lines, would not
only be timely but attract wide interest throughout the industry.

The vehicle tests carried out during this program of research into
clutch take-up has allowed a picture to be drawn describing the
characteristics of a driver and has shown the type of engagément that
is liablé.to cause the most damage. But this only covers startiﬁg from-
rest and use of the clutch pedal, what is needed is the development
of a fully instrumented vehicle ubon which meas;rement of the following
parameters is possible:

1. Steering angie
2. 'Clutcﬁ usage.

3.  Brake usage

4. Fuel consumption
5. Driveline torque

From such data obtained for many drivers round a varied
"test route which included town work as well as country driving,

it should be possible to correlate control usage to economy of operation.

Also engine usage i.e. power levels used, would provide useful
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) 'inf.ormaf:i;)n for the design of vehicle motive power units énd transmissions
for future use in towns and the design of invalid‘ﬁehicles. The
study would require aljoint ergonomic and engineering team in order to
cover a1i aspects of the topic complétely.

Another subject which requires study is the mechanism of friction

in relation to friction materials but as already stated earlierrin

: this work, a theoretical study of such a non-homogeneous material would
be both complex and fraught with disaster from a practical point of
view. Altﬁough an empirical study of small samples and the correlation

of these results to in service components would prove a boon to the

industry.
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APPENDIX I

SOLUTION OF THE ONE DIMENSIONAL UNSTEADY STATE

HEAT~CONDUCTION EQUATION




The equation to be solved is:

EL 328
p Cp- — = k. —_i' ..‘lll.l....i.l.lll.!t.(AlOl)
3t % - ‘

1. Boundary Conditions
1. At the gebmetrical centre of the centre plate, the heat flow
across the boundary is assumed to be zero i.e. the heat inflow

from both directions is the same.

96
Therefore § = -k.A. -— = 0
[+] .
ox
28 _
or . — = 0 ....-.........-........-....(Al.z)
ox -

2. At the back face of the rotating metal member i.e, preSSufe
plate or flywheel, heat is lost to the surrounding air by forced

convection.

Qf = +hf-A- (aw —lefl) oof.ocoa-o---a--o-c-c(Al-B)
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3, At the surface of the friction material heat is generated due to
friction and also heat is flowing back across the resistance from
. the metals surface.

Heat flow to friction material surface

.08

}\OQ * hoy ~—— 00-0--cooc-ot-'ocnooocoo-qtc.Alo[i)
& I 9x : -

Similarly at the metals surface

. .90
Heat inflOW = (1 “A) Qg$ hIO —_ .Q..o.l'cc..otq.on(A]-'s)
' _ x

These are the boundafy equations which enable equation (Al.l) to
be solved,

2, ~Implicit Method

Using the following finite difference approximation to derivatives




.k
2Ax2 (ei+1»j+1 "

0

- 20, )}

28 i+l,j 1,] * ei’laj

540 %qe1, et

3%

Note that the derivative —fﬁ-'has been replaced by its finite~—
' : ax
difference representation on two time rows (j +1l) and (j).

This equation reduces to:
“Foo® AL HFDG g T

CF o841, qe T2 HE 341 T o851, 501

0°P191,5 T 2 TEO, L T8 5 evercecionnent (ALL6)

But this equation is only applicable to stations inboard of the
boundaries, what happens at the boundaries is given By equations
{Al.2) to (A1.5) and will be used to derive modifications to equation

e (Al.6) which are applicable at the boundaries.

" Geometrical centre of centre plate

*'Boundary Equation (Al.2)

36 - e
- 141,57 i1,

3x't=j 2.0%
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Using a central difference approximation.

Simplifying gives

R PO
i+l,] i-1,]

and similarly : . -qQ-oooQoooooocoiovov(Alv-")
141,541 ° Bima,je1

A pictorial description of the finite difference approximation to
the modei is shown in (figure Al.l).

If equation CA1;6) is applied at station (i = 1} temperatures at a
fictitious mesh point outside the material are required'i;e;
6 . and Bo

O,]

* temperatures can be eliminated,

141 but By using the Boundary equations (Al.7) these two
» .

: Equétion (Al.6) becomes:

+ 2(1 + ?o)'ei, - F .0 =

“Foe®ia1, 41 41 7 Forliar,ju1

- Fo.ei‘i’l’j + 2(1 ha F0>.-ei,j + Fo.ei‘}l,j
o mF By ap P (R0 s Foebig gt ATEDA0 0 el (ALE)

Which is the finite difference equation applying at station (i=1),
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"B&ék'fade'éf3metal member

“"Boundary equation (Al,3)

QfA e +hf.A.(QW_- efl)

Tn order to take account of this forced convection term at the back

 side of the metal, the heat flowing across the metal surface in the

direction normal to the surface is = *k.A.%%f = Qf, thus equation (Al.3)

becomes

.80
Qf = "kvo ;‘; A thAO (BW“ - Bfli

Which when the derivative is replaced by a central finite difference =

approximation becomes:

.hcho ’ ~
2 O350 * 0,5 = Pgd =
kA |
- a——— (6i+l,j+1 - ei"‘l,j*‘l + 'ei“‘l,j - ei"l-,j) O?COOCUtQO(A]-QQ)
4hx |

 applying equation (Al,6) to the Boundary at (I = nl+n2+2) gives again a

requirement for temperatures at a fictitious mesh point, (nl#n2+3) but
these temperatures also appear in equation (A1.9) which can be rearranged

to give:



Oie1,541 = Ci-1,5e1 T 2500854 T

0 - 2.B 8. . +6, . .+40,.B
0_1

i+l1,] 2] i-1,] "t
] .
‘ h,_.0x
and : Bbf'= £
. . _ N

"If equation (A1.,10) is substituted into equation (Al.6) the temperatures

at the fictitious mesh point cancel:

- % (6 - 6  _6 . _
FoCim1,591 ~ 2Boe 4,541 7 ie1,j

2Bo°ei,j + ei'lsj * ABo.efl) +

2(1 + Fo).ei’; - F .9,

j+i o’ i-1,j+1: =

eV . - o--."' aU., .
F0'91+1,3 *20 Fo) el,J Fo 81-1,3

~"which after simplification becomes:

. —ZFD.ai"'l’j‘l‘l + (2(1 + Fo) + 2F0.30)q9.

i,j+41

oc-oo.ocnooooo-.(Al.lb)

(Al.11)
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and applies at station (i é.n1+n2+2) '

" poundary -equation (Al,4)

96

L g I ax
_ k o S k
vhere A = =] -2 and  a1,2 = 1,2
kod 9 ‘ Py,2°CP1,2
. 96! _ 30
or Ql = =k A, -3'-;:— = "(?thg + hIoAc ‘___ )

e8! . _
wemw g fictitious temperature gradient at the boundary.
ax ' ‘ ‘

Using finite difference approximation the above equation becomes:—

KA.
— — (e'
4Ax

) =

: - t -
irL, 3+l Yi-1,591 T % a1, T i3

e S

T G T 8 T O T

)

. + -. - -" -
ei—l,j*l e1-1-1,3 61—1,3

rearranging



v - - gt :
e, 7 Gien,ger T %5a,5 t 05

C 248%.) ‘ ,hloﬁx

+ T L)+
k.A (Qg,J*l Qg,J) k

a,q 2.4 =0, 0 L. F 0, ,=0, _ ,)
(61+1,J+1 e1-1,3+1 e1+l,] 81-1,3)

simplifying

. : . ’ -— \
T I T A I S e A

B._.0. . + 2B L F . esescavenssssssres(Al,12
°%41,5 ¢ P Qgja ¥ Q) #112).

Ax Ax.A !

vhere _ BI_ = . BQI: =

k.A

The temperatures at the fictitious mesh point (i + 1)} can now be

eliminated by substitution into equation (Al.6), equation (Al,12).

BI°ei+i,j+1 *

CeF (=t - |
Tor GOl * A = Be0i g gug *

1)+

'@ -B.).g. ., . + B_, . . *
a I) Oi-1,3 18 8,]+1 _Qg,J

+ 2301; (]

i+l,j
2Q1 + Fo).e

-— ' 1
i,i41 " Foo8i-1,541 ® For0lyy 5t

- . + . .
2.(1 Folfei,J Fo'el—l,J
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simplifying, gives

+2a-+F)e jﬂ_-F.B.G+LJH

..............................

B2 - Bl)fe 1,541

‘f.Fofcz - BI)'Qi?l,J

.+ 2(1 - F ) 8 i3 + F .BI N 1,] +

+ Q -) Oioocoooo--tocooouddo-o(A1¢13)

which applies at station (nl + 1)

" 'Boundary equation (ALl.5) -

- .88 . .539‘
Q, = (1-2).0 —h A, — = —kA—
2 g8 I oy 5x

which becomes in finite difference form

-

(1) © h.A

—— T .) - — (0, .. ™0, ., + 0, . = 0. .
2 (Q8.3+1 %, 4. Ax ®sa1,541 - 1-1,341 0 14l,j 1*1,3)
» * ) .
. . kl.A
S e — - gt -t
‘ 4.0x (ei+1’j+1 0 i-1,j+1 * ei+1sj 8 i"l,j)
rearranging
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'. ) H . - ' . - -
it T Ogen,en t Cian,y T4, T B0

i+l,3+1

'ei—l,jfl * 041,35 7 0,50 * 2Bgee Qg 5 T 0 5)
'where
B, & e——————
Q2 kA
" and simplifying
| T e - \
0 i-1,5+1 a-s )'9 *a-E )'e

1*1,3*1 Bl'ei—l,j+1 irl,]

B0, . .- . .+ 2.8 .(0 .
141,53 i~1,j Q2 (Qg,3+1 8y d

Substituting (Al.14) into (A1.6) to eliminate the temperatures at the

fictitious mesh point gives:

+ P N -at, .
* By 0 1,3*1 (1 = B l’ 1,3 Brfi,i ~ %, 7

Q .) )f'= F .8

2.8, Q2° (Qg,J+l 8s] 0" Ti+l,]

- .9. .+ le‘. )
* 20 Fo) 1,] Fo i-1,]

'l"Q r) ooooo.o-ooo-no(All‘]-l".)




simplifying gives

F .B..®

T (2 - BI)'ei+1,j+l'+ 2'(; ¥ FQ).s 0" 1" Vi-1,5+1

i,5+1

= F (== B0 ot 2.(L-F).0, o+ BpFo-0i 1

]

o+ Z’Fo'BQZ'(Qg;j+l + Qg,j) .................f..a. (A1.15)

Equations (Al.6), (AL.8), (AL.11), (Al.13) and (Al.15) form a set
of simultaneous linear eqﬁations the solution of which yield the

temperature distribution at the next time step.

Selution |

B Although'theoreticaily, stability with the implicit techniqﬁe is not
a problem, howgver unless Fo is chosen éarefully the reSults may be erroneous.
Therefore when choosing the time step length and the mesh size the SOIutién
should be constrained to keep F0 low enough to maintain an accurate

" solution. In the digital computer program written the value of Fo is

-

kept close to O.i and the mesh size is varied ?utomatically to ensure tﬁié
_ condition is always met.
The set of equations resulting from the exéansion of equation (Al.6) at
all the mesh points insidg the boundary and of application of equation
| (A1.8), (Al.11), (Ai.13) and (Al1.15) at the boundaries are more easily -

manageable if written in matrix notation:
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2 (1+F01) -2F°1
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- u 1 _ - N
e ) ' = 6. L3 - = .
O jEL 1,3+l 63 elsJ
923j+1 ) ' _"82’5
8 . -
nl+n2+1,j+1 nl+n2+1,j
| o ' 8 . 8 .
SRR ; , nl+n2+2,3j+1 I nl+n2+2,]
- e : ' L . - . : .
‘: - | - ; - . . - .
and ¢ = _ o
‘o

But E.éj + C is known at any given time interval thus equation (Al.16)

becomes:

= 5 OOOIQ.000001000|oco.IOGOOQOO(A]-O]-?)

A0




£

Further, matrix A is tridiagonal in form which much simplifies

-~

the solution for the temperature matrix ej+1, proﬁiding the leading diagonal
is dominant; As F0 is constrained Byrthe program to be approximately equal
to 0.1 it can be_seen that providing BI and ﬁo are of order 1.0 or less |
(which is the case) the leading diagonal is of order 2.0 and the other

two diagonals of order 0.1. The algorithm suggested Bﬁ Alberg,Wilson and

Walsh (33) enables the solution of'the matrix equation (Al.17) more

efficiently and without significant loss in accuracy.,

Consider the matrix equation

F". - r o r' —
bl cl xl d1
a, by o Xy d
2
a; by eg X3 = d
. L) .3

an-l bn—l cn—l n-1 dn—l
a b x d
43 el n n

- J - -l = J

form the following parameters, for k = 1,2,.00..0
Pko= oy gyt By (g, = 0)

= g
% 7 Tw/p,

U = (_dk - ak.Un"’l

)} B, W, =0)



which yields the equivalent set of equations:

xk' = G Gt Uk for k = 1,2, .0ees, n=1

The required solution is then obtained from back substitution

-3, Explicit Method

In deriving the finite difference equaﬁions governing the flow of heat
through the system, the following general equation is used at all the mesh

pdints .
Heat inflow - Heat outflow = Heat Stored  eecoesceccsecos(Al.18)

General equation at any point inside the boundary

t Are '
1 | . |
! N |
: N _ | i
HH TaFlaw l hHe °“%‘F£cw

e -y i
d ' |
|- i |
I f I
I ! 1

. E"’I (A 2%} .




Lo p.c av eo . -0, .
. . Ht. Stored = P ¢ 1,341 1’3)
| ' : ) . At

Y 7 IS T-)

. Ht, Inflow = 233 L
L : - bx

_]L’i 00000.000.‘!00000(A1.02lo)

Ht, Outflow' = . .o.......H.....eo.¢(A1.‘2].)

Ax

Insertion of equations (A1.19), (A1.20) and (Al.21) into equation

(A1.18) reveals,

At

which after simplification and substitution of F_ =~ - K4t
. o s
. pon.AX

~"and V = A,Ax gives

oY

) ccevscsecc(A1.22)

- ' - ] + » L4
coLdTR 3 7 %




but for a stable solution (L ~ 2F ) <0 or F < 4
" At the geometrical centre of the plates boundary equation (Al.2)

applies

.90
~—. = 0 or there is no heat flow
ox - :

N\

=
_._._.f.;;_i_r_._
) J[Q . .
\\
;..sx.\_. NN

He. Oubtflow ,-

d
4

=
]
-

Heat inflow = 0

Heat outflow =  ——— 6. . — 8. x Cecener vt 1.23
- © At (¢ i, 1+1,J) o (a )

-.p.CpuV/21(6i§i$1_* ei’j)

At -

Heat 'lStOred:""“ ,.-.u.u.o-..o(ﬁlwﬂ*)

inseréing (A1.23) and 0&1.24) into (Al,18) gives:

ey - B -0, . B R, : R R .
At (1,J+1 1,3) At .( 1,) 1"'1’3)




or simplifying _ - _ o S .
|

B, L. =0, . m <2F . (0. . -0, . .
. 1,3 2F (.el_,:| 0_1_1‘1’3)

g e (1 = 2F Yob. . 4+ 2T .9, . . _ |
- .g......O?.?l,}...??ﬁ.gl*l,J ceverconocoeras(Ale25)

for stable solution Fb < 2

At the back face of the rotating metal membef boundary equétion (A1=3)

. applies,

Q =. hf,A. (ew‘— Gfl) or forced'canectiye heat t?aﬁsfer.

t : !
'b//f 0
; ‘ !
{
HE. Znflow { ﬂ He. Oullftow
- . ot 4
v !
. ] i
I
1/
s |
i ) t+! . '_!.
..wk.A _ : A ‘
Heat inflow = 8, . =0, . sscsvevsscscrces Al 26
Ax (133' 1"‘1:3) ' , ¢ . )

Heat Outflow- = hf-A'(Gi’j - efl) .-.n.-......o....(31.27)
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: 0.Cp.V/2
Heat Stored = ‘~———m— (0
. At

i,3+1 -ej.,j)_ vtt-vo-oooo...(gl.ZS)

R Substituting (A1.26), (Al.27) and (A1,28) in (A1.18) gives:

_.p.Cp.V/2 I KA,
R e - S -6, J =2 - (5. . -0, \
At : 1,341 1:J) . Ax ( 1s] 1“13.])

which after simplification becomes:

O o1 ~ 8.5 ° oy ._(-ei,j = 851,50 T For oz‘(ei,j - 0c)

: _ hf.Ax
where Bo: =
. k
Oi,ger. T 7 ML ¥ B8, o # TE 0, 5t BBy eeen  (A1L29)

~"for stable solution Fo(,l + Bo) < 4

At the friction interface Boundary‘equafiénsCAl.4) and (Al.5} apply.

Friction material

/.

| !
HE. Tnflow I\ HE. Oub Flow.
| 1 +Paus.

Lt | e E
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Heat outflow = ‘Boundary equation (A1.4i'

h

.' . . I ‘ . : . . .
. ?\oQg "A‘; .(-ei,j ei"‘l,j) qoooo.-coo‘occoao(Aloso)
1
Heat inflow,' B2 e— 9._ . = 0. . .q Tesreatrans 1.31
—— Oy ) (A1.31)
. _pnCp.V/Z . : .
. Heat Stored=‘ ;‘—_—”'o 6._ . “B.,.- l‘.'.....’.." 1.32
Oy 5 70 (A1.32)

" Substitution of (A1.30), (Al.31) and (Al,32) into (A1,18) gives:

L peCp.V/2 kJA
T (- T - y = - (8. . =8, .} + A
At i,J+1 3] ix 1,] 1"'1:3) ' Qg
. k'
kg
$ o 0 - g, .
Ax ¢ i,] 1+1,J)

or simplifying

-~

Cign 70,5 T TR ®ay T 0 g

Ql'Qg - ZFO.BI. (9?._,




L Abx | D ebx’

' and By .=

@ en kA

) - + -v.-+'.., . ¥ eld, glw. N
...G.'...:.a?o.(’].'...31).)..91,3...2.1.‘0._.@1@_1,_]...1.?'1.91-}1 ,,Ql-.gg_ eves (AL 33)

for a stable solution Fo(,l.- le <4

" etal Member

— s —

o . " ) ) i l . L . . i
. ) . L . { Ht-' In[-:f:fw J h ﬁl-. Dubflow o .

7/
Nz

o(_e. . -8 )_ ;-loo-;o;-(Al‘sll')-

- Heat inflow = -7\ . - . .
_ e )_Qg Ax 1) iml,g

koA
Heat outflow = + ——— (B, . = ¢

1

— Gy ; ) o (A1.35)




. Heat Stored Com

. p-Cp.V/z . . s .
T o(_ei,j+1 = ei,j) cootocaocrr.?dV(Alc36)

Substitution of (Al.34), (Al.35) and (Al.36) in (Al.18) gives:

or simplifying

where

: 2BI.FD

= 2R L+ B))G, k2R (0 gt B

. ponoV/2
e, (0. -0, .) =
o i T 0
by koA o
- 6- - 6. » —— 6 - e- .
Ax ( 1] 1"]-3.]) Ax ¢ 1,] 1+1sJ)
Gi,j+1 - ei,j = BQZ.FO.Qg -
Oy 1m0y ) = R0y =0 )

_ (1 =AY 8%
Q2 koA

854 =

3.0 200 g P B0y ) 2BatFe QL (aLL3T)

for a stakle solution P (1 + B} <}



Eéuatiohs (AJ_..25), (Al.29), (,A1,33) and (Al,37) describe the new
‘temperatures at the boundaries and equation CA1.22) describes inboaﬁd
‘temperatufes. Using this method each temperature could be solved
separately‘i.é; it is not necessary to form a block of simulténeoué
linear equations as with the implicit technique, although it is convenient

- to represent them in matrix form:

j+1 h|
vhere 6., = {91,j+162,j+1, """"’Bn1+n2+2,j+1}
ej = {el,j,e2,j, °°“"-"’en1+n2-+2,j}

C = {0,0, teavsbvey 2BQ1.F°1.Qg’ ZBQ2|F020Q3, I EX TR Y] 2F0203006f1}

and if =

(1—2F0) 2Fo
o Fo (1~2F°) | FO

ZFO (1v2Fo(1-BI)) _ szoBI
2F B. (1-2F0 (19531_1 vigh
F (1-21?0 ) F
2F ‘(1--21?0 (1+30) )

L - 176 -

e' .= 'éo!'é'*ﬁ '..‘..O‘U...00..'...‘.....0.9&1.38),



The solution of (A1.38) at each time interval yields the required
solution. In order to reduce errors and instabilities in the mathematics
the computer program written to solve (Al.38) kept Fo = 0,1 by choosing

nl and n2 appropriately.
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APPENDIX IT

OPERATING INSTRUCTIONS FOR THE VEHICLE
STMULATION TEST RIG WLITH PROGRAM LISTING
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" This appendix deals with the operation of the vehicle simulétioq
test rig and the mini-computer system used for data acquisition and |
control.

The Computer

The program written sampiésfthe.firﬁt eight analogue'input channels,
these channels will allow voltage”ievels 0f O té i_l.O volts but if a
signal level above this is fed'iﬂ it will be truncated, ﬁp fo 5 ievei
of 2.5 volts which if e#ceeded_will re;ult in damage to the.input buffers.

_ Channel number one_should‘bé fed with a D.C; signal which can be
switched on and off, this will be used to commence the te#t series.

Channel numbers two and three ére used to récord the engine speed
and the p:opéller shaft speed respéétively. All ofher channels may be
connected arbitarily because all the calibration coefficien;s are
entered before each test. The calibration coefficients are the values of

.nthe linear felationship describing the voltage variatibn of -each
signal.
Procedure
(1) The computer system should be switched on for at least omne
hour to allow the analogue to digital convertor to stabalise,
thisican‘be checked by usihg the zero calibration switch on
the hardware itself. |

(2) Thé system tape, produced from the listiﬁgs shdwn,_in

accordance with the computer manﬁalP should be ldaded into

the coﬁputer By placing the system tape into the tape reader
- énd readying that reﬁder, then pressing the buttons PRESET

and LOAD located on.the computer panel. Tﬁe tape will now be

read in and the computer should halt with the message

e
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| 102077 (IN BINARY) lighted on the dispiéy register.locatéd'
on the'computer‘front panel above the switches. This message
indicates a successful load, if any other message is displayed
- \ - reference to the cémpuner operators manual‘is required for
diagnosis of the grfof. |
(3) The calibration coefficientS‘should have been punched on the
paper tape in free format each éhannel taking a full line and-
being in the following order: |

cL(1) €1(2) (CR) (LF)

C8(1) C8(2) (CR) (LF)
where | ‘
| True value .= Ci(l) + CI(Z)ﬁ.voltage level input
and | |

(CR) - Carfiage return character

{LF) - Line féed character
This tape is loaded into the photo reader and that readef
feadied; -

(4) .To comnmence the input of data_switcﬁ number one on the switch
register {located on the front panei) should be lighted.and then
the féilowing switches pressed:

| | ILOAD ADDRESS
PRESET
RUN

(5) The coﬁpu;erlwill print the message TEST NUMBER and waitlfor

input data, the data should be input on thé teletype followed

by (CR) and (LF).



(6) AThé computer tﬁen asks for the date which should be iﬁput '

in numerical forﬁ each rumber separated by a comma.

(7) The calibration coefficienfs afe then read in and printed on
the teletype under_their cbannei-headings.

(8) The next parameter feQuired ié-the'number of engagements to be
‘carried out, the engégemenﬁé'are made automatically at set
intervals and resdlt; output inbétﬁgen.

(9) The time ingerval between the ?émples i.e. the reciprocal.of_
the sampling frequenéy ig now required and‘should be an exact
multiple of 0.1 seconds, bécauée this is the émallest ipterval.
allowed.

(10) The time interval between.engagements should be entered, the

| minimum value of which is 100 seconds, in order to allow
for the output of results before the next engagement is commenéed,
the total interﬁal required should be entered in seconds.

(11) Then the option is given for the output of results.by either
-thé paper tape punch (entef'lj or the teleprinter (enter 2).
If output by the'teleprintef is required the time interval
between engagéments must be greatly increased to enable
printout between engagements.

(12) The computér now tells the operator to start the engine and__
pauses, the engine shduld be allbﬁed to warm up whilst the |
equipment is checked for malfunctioﬁ.

(13) The RUN button is then presséd and the computer asks for the
required drag torque -to be applied by the disc brake assembly,
after which the RUN button is pressed to disengage the clutch.

This prevents overheating of the disc brake assembly.




' (14). The compuﬁer waité in a loop, sampling channel number
one until a voltage of more than 0.2,§olts.is‘app1ied
lwhen the test series will commence.
Aft:ér the final engagement has been carried out and ‘the results
"~ output the computer halts, if énother series df tests is required return
- to stage (4) and recommence data input.
" The following pages contain, first a sample oﬁ the daté_input

printout and then a listing of the progfam used.
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"""""""""

" TEST NO.

R

DATE .
13,9,74 S ' .
CHANNEL CALIBRATION COEFFICIENTS Y=ARTALEX+AZEX KX+ o s
CHANNEL NO. 1. ‘ .

»00000PE+00- 1.0000C0E+00
CHANNEL NO. 27 . )

< 0DOBBEELPD .512800E+03

. CHANNEL NO. 3

+ODOOROE+BE  +S12POCE+D3 B ;

CHANNEL NO.. 4 _ _ - -

-+ B00BPRE+DY -.162500E+03 ‘ : ' '

CHANNEL NO. 5 . ' '
+DDO0BRE+DD 1-R00000E+DD

" CHANNEL NO. 6 T

-OSQQQQBE."@Q “-397B@®E+63 ! - .

" CHANNEL NO. 7 ' '

. —+ 1040BOE+03 -.524000E+03 :

CHANNEL NO. 8 : a
OOUOCOE+0D - 1 +GOOBROFE+00 '

ENTER NO. OF ENGAU&MLVTS TO BE CARRIED ouT

6

LNTER TIME INTERVAL BETWEEN SAMPLES

Bt

ENTER THE TIME BETWEEN ENGAGEMENTS

AFTER THE ENGAGEMENT 100 SECS

ELAPSE TO ALLOW OUTPUT OF RESULTS

TOTAL TIME INTERUAL SHOULD BE ENTERED IN SECS

120.9

TYPE 1 FOH'PU\CH TAPE OUTPUT OR 2 FOR TELETYPE QUTPUT

o ,

START THE ENGINE

PAUSE

APPLY REQD. DRAG TORQUE

PRESS RUN TO DISENGAGE RAM

PROGRAM WAITS FOR TRIGGER SIGNAL TO COMMENCE TEST

PAUSE

i




FTNsBsL
"PrOGRAM CENG
DIMENSION CF(8,2).%(8)
COMMON IBUF(8E, 140)
WHITE(Z2,.200)

Ces«THIS PROGHAM ATTEMPTS TO KEEP THE ENGINE SPE}:.D FAIhL

c CONSTANT THROUGHOUT. THE ENGAG;MENI
READC 1, %)INT
" WRITE(2,201) ‘
READC1,%)N1,.N2,N3
WRITE(2,204)> o :
DO | 1=1,8 o :
WRITE(2,2p2)1 S o o B e
READC(S, ) CCFCI»Jd)sd=1,2) - R o
' WHIFFCE,BQJ)(CP(IJJ):J 1523 '
CONTINUE -
"WRITE(2:205)
CREADC 1% )INENG
WRITE(R,206) )
READC1,%)STIM
WRITE¢2,207)
READC1, *)BT
WRITE(2,208)
BEADC 1, %)NT
WRITE(2,209)
PAUSE o . A
WHITE(2,210) : . ' T
PAUSE ' '
CALL DISEG - . _
" IOVER=0 . _ o -
INDIC=0
NUMS=100
NKEPT=1
IREPT=1 ‘ .
NBT=IFIX(BT~100.0) _ e
© NST=IFIX(STIM/Q.1) '
10 CALL INIT(IOVLH,IREPT,NST;NUNS;NBT;INDIC)
NREPT=NKEPT+ 1
1=p .
I0VER=500
12 CONTINUE o
. IFCIOVER-200Y11,11,12
. 11 CONTINUE
IFCIQVER-160313,14,13
14 WRITE(2,213) .
213 FORMAT(37HCLUTCH NOT ENGAGED AT END OF SAMPLING,Z»

Llad
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SRR QLU U T U L G@tmiLOTIUe Lo s PN T L AT Akt g e

124HTRY LARGEK TIME INTEthL)
© 13 CONTINUE -
IF(NT-122,2,3.
Ce«.PUNCH TAPE OUTPUT
2 WRITE(4,211)INDIC
4 I=1+1 S B
© DO 5 J=1,8 " '
XVAL= FLOAT(IAND(1777®@BsIBUb<JJI)))/32?68 B*CF(J:8)+CF<J:1
5 X(JY=XVAL .
_wRITE<a,212)cX(J).J=1,8>
 IFC1~INDICY4,656 _ N C
3 I=1+#1 L ‘. - o
DO 7.J=1,8 o ' '
XVAL= FLOAT(IAND(1777BEB;IBUF(J:1)33132?68 9*0?:0:2>+crta,1
7 X(J)=XVAL - - ‘ ﬂ
. WRITE(2,212)(X(J)sd=1, 8) o o _ LT
IF¢(I-INDIC)3,6,6 _ ' S -
6 IF(NREPT-NENG)8,8s9 ¢ : !
8 IF(NREPT~IREPT)10,10,6 ' '
9 CONTINUE . ; o S .
_ STOP _ ' : .
200 FORMAT(BHTEST NO«) ¥
201 FORMATC(4HDATE) - |
202 FOHRMAT(11HCHANNEL NO.,12)
203 FORMAT(4E13+6,7) - -
204 FORMATC(42HCHANNEL CALIBRATION COﬁFFICIleb Y=A0+AlxX,
L1OH+A2*X* X+ o o) _
205 FORMAT(A2HENTER NO. OF ENGAGEMENTS TO BE CARKIED OUT)
206 FORMAT(JSHENTER TIME INTERVAL BETWEEN S$SAMPLES )
207 FORMAT(34HENTER THE TIME BETWEEN ENGAGEMENTS,/,
' 129HAFTER THE ENGAGEMENT 100 S$ECS,/s .
Q33HELAPSE TO ALLOW QUTPUT OF RESULTS,/. _
345HTOTAL TIME INTERVAL SHOULD BE ENTERED IN SECS?
208 FOKMAT(4ZHTYPE 1' FOR PUNCH TAPE OUTPUT OK 2 FOR TELE
1, LIHTYPE QUTPUT) e
. 269 FORMAT(16HSTAKT THE ENGINE)
210 FORMAT(23HAPPLY REQD. DRAG TORQUEs/» 1%, SHPKESS KUN
" 1,17H'TO DISENGAGE RAM,/,1Xs 25HPROGRAM WAITS FOR 1HIGGEB
2,24H SIGNAL TO ,COMMENCE TEST)
211 FORMATC(I4) o o :
212 FORMAT(1X,F5e a,uxfast.x, OX3sF5483,8(2%sF5¢1)s8XsF5.32
' END . . . : '
ENDS ‘



- NBT B55

A5MB>R,LsB,T
NAM INIT
ENT INIT,CONT
EXT «ENTR,CONTH
COM IBUF(BGO)
. .OVER 'BS5.1}
IREPT BSS
N5ST ° BSS®
NUMS BSS

B R

INDIC BSS-
INIT NOP o
JSB .ENTR
DEF OVER .
LDA =B377
STA RAMY
LDA =Bé6&
STA TBG
*SET INTERRUPT CONTROL . &
LDA INSTR .
STA 108
LDA ACONT
STA 258
LDA =D50@
STA QVER.I “
*NEGATE COUNTER FOR TIME BETWEEN SAMPth
LDA NBT,I
CMA
‘STA NNBT
STA NNNBT
*NEGATE TOTAL NUMBEK OF SAMPLLS
LDA NUMS,I o e
CMA»INA = e '
‘ STA NNUMS ' L.
*NEGATE SAMPLE TIME COUNThR
LDA NST,1 :
CMA, INA -
STA NNST - : o
STA NNNST : . 2
*INITIATE COUNTER OF NUMBER OF SAMPLES -
CLA oo :
5TA INDIC,I

Lt
FEoA
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*DEFINE ADDRESS OF AﬁRAY STOREAGE
LDA ADD :
' STA IADD
*CHECK IF THIS IS THE FIRST ENGAGEMENT
LDA IREPT.I
© CMA, INA
ADA =B}
SzZA
JMP GO
*WAIT FOR TRIGGER o -
LDA =D~i@ : : S .
STA NNCON -
~CLA -
0TA 11B _
BAND.  STC 11B.,C -
' SFS 118 ' '
S JMP k-1
LIA 11B
AND =B177700
ADA =B-146pp I
554 o }
JMP RAND .
CLC 118 C
*SET INTERRUPT TIME INTERVAL AT @.1 SEC
GO - LDA =B2 : ' -
OTA 19B
STF @ :
STC 19RB.C
JMP INIT, I

v

1

* ) _ .
*CONTINUETOR;SECTION
X : _
CONT NOP

' " STC 1@B,C

- *5AVE REGISTERS

STA SAVA
STR sAVB
- ERA,ALS
s0C '

INA

STA SAVEQ
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© O %1S THIS ENGAGEMENT OVER =~ 77T ooy /
LDA QUER,I : : :
-CMA» INA
ADA =B377
$SSA,RSS
JMP SEND
1SZ NNGON
O JMP k+2
JMP K+ & ’
LDB RAMU . |
JSB CONTR
"STB OVER.I -
STA RAMV
JMP END - ,
LDA =D-1p - o
STA NNCON ' _
*CHECK IF COKRECT.- NUMBER OF SAMPLES TAKEN -
157 NNUMS ' ' o
CJMP kD
: JMP DISN1 © .k
I © %INCREMENT SAMPLE INTERVAL COUNTER
: 1587 NNNST, ' :
JMP END
LDA NNST
STA NNNST :
*SAMPLE REGD. CHANNELS
© LDA =D-8
. STA NC -
CLA
OTA 11B
LDA =B4podeG
0TA 118
SAMP  STC 11B,C _ ' .
- S5FS5 11B , AR -
JUP ¥
LIA 11B
STH 1ADD,1
18Z 1ADD
1872 NC
JMP SamMP _ _
CLC 11B ‘ ’
*INCREMENT SAMPLE COUNTEK : : '
1S2 INDIC,1I
JMP END _

.. | : " - .1539 |




TARESTART TeB.Ge
*FOF WAITING PERIOD BETWEEN ENGAGEMENTS

END

SEND .NOP
" LbA ,Dege
STA QVER,I
JMP DISEN
BEND CLC 1eB.
LDA. TBG
OTA 1gB
' STF @ .
* §TC 18B,C ‘
LDA =B4
STA TBG
1$7Z NNNBT
JMP END - _
*START NEXT ENGAGEMENT
157 IREPT,I. .
JMP END
*DISENGAGE HAM
DISN! LDA =B377.
~ .STA QUERsI . 3
DISEN LbA =B377 = .
OTA 13B v
CLC 13B
" JMP BEWND .
*RESET REGISTERS
END LDA SAVEO
CLO
SLAsELA
STF 1
LDA SAava
LDB SAVB
, -JMP CONT»1I
*CONSTANTS SECTION
RAMV BSS 1
TBG assil'
NNCON BSS 1
NNBT BSS 1
"NNNBT BSS 1
NNUMS BSS 1
NNST BSS 1
NNNST BSS |
- SAVA OCT @ '
SAVB  OCT ©
SAVEQ OCT 9
NC . OCT @
iADD BSS 1
ADD DEF IBUF |
INSTR OCT 114025
" ACONT DEF CONT

WITH 19 SEC INTERVAL 77



ASMB,E,L»B>T
NAM CONTR
K ~ ENT CONTR
~CONTR NOP - . s Lo
*THIS PROGHAM CONTROLS THL RAM BNGAGhMENl IN AN e
*ATTEMPT TO KEEP THE ENGINE SPEED . ABOVE IGGGHLVS/MIN
. *SAMPLE CHANNEL 2  AND '3 , MASK OUT REQD. BITS AND
: ;*STOHE IN WE AND WV - LT S
STB EKAMV
- LDA =B1 -
OTA 11B L _ S
STC 11B,C SRR
SFS5 118 , Lo
JMP k-1 ' S
LIA 11B
AND =B177700
STA WE

. *

LDA =B2
OTA 11B -
STC 11B,C o
SFS 11B o f
JMP k- :
LIA 11B ,
AND =B177700
‘STA WV _ T a
CLC 11B :
ACHECK IF SPEEDS SYNCHHONISED
LDA WE
CMA» INA
ADA WV ,
- ADA =B1200D
SSAsRSS
*CHECK IF RAM FULLY ENGAGED - :
JMP FENG . B
LDA RAMV '
SZAHLHSS
JMP FENG
LDA WE
CMAs INA
‘ADA =B15400
SSALHSS
© JMP_INC
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#IS ENGINE ACCELERATING
LDa WE T
CMAs INA
ADA WED.
. LDB WE
. 8TB WED
LDB '=D500
SSA»RSS
'JMP- CONT .
*ENGAGE RAM -
LDA RAMV
ADA CODE
- 5TA RAMY
JMP CONT
#*DISENGAGE RAM v
INC LDA RAMV -
_ADA . CODE1
STA RAMV
LDB =D500 .
CJMP CONT -k
*DISEOF CONTHROL = ¢
. FENG  CLA _
: STA RAMY
LDB =B377
CONT LDA HANMV
OTA 138
CLC 138
JIMP CONTH,I
* CONSTANTS SECTION
WED  BSS 1.
WE BSS 1
WY BSS 1
RAMY BSS | .
CODE OCT =-2°
CODE1 OCT 2
' END




ASMBsRsL,B,T
' NAM DISEG
o ENT. DISEG
DISEG NOP = R .
*THIS ROUTINE DISENGAGES THE RAM
-~ 'LDA =B377 . R -
OTA 13B L :
CLC 138" '
" “JMP DISEG-I .
END

193
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APPENDIX IIX

DIGITAL SIMULATION OF A CLUTCH ENGAGEMENT
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The data fequired_for running the program and the format in which it

must be punched js outlined below, along with the various options and how

these options may be called. The program will simulate either a test rig

. 8ipjlar to the one used in chapter 4 or a vehicle.

Program'Data

All data is in free fbrmat i.e. all the numbers on each card
mustlbe separated by at least one space and if there is not enough
room on one card continue to the next. In the case of a test rig being
_simulated all the parameters not‘releﬁént should be giVen the value one
unless otherwise stated below.

Card No. 1 |

Tﬁis ié a title card which allows a heading to preceed each
printout of results; the program reéds 80 spaces i.e. I.card and prints
the same. The first column should be left blank as this column is used
t0'control'§aper feed on.the line printer.

Card No. 2 |

This card allows the option of the éngine torque being dependant
upon engine speed and maniféld depression or dependant on engine
speed only according to Whether alor 2is punéhed on the card.

OPTION No. 1

Card No. 3
A number'giving the order of the polynomials describing the |
engine performance characteristics, as discussed in chapter 6.
Card No. 4 | |
The.polynomials defining the gr;ph, as shown in chapter 6
Gfaph No. 6.1 punched in the form:

PC(1),PM(1),PC(2),PM(2),...
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\ | .

" where PC(l) describes the intersect variation of each straigﬁt
line and PM(1) the ﬁariation in élope of each line with respect
to the engine speed. The maximum polynomial allowable is a
fifch or&qr. |

- OPTION No. 2

|  _ "Card No. 3_
N A number giving the order of polynomial describing the
variation in éngine torque with engine speed.
Card No. 4 | |
The polynomiai cﬁéfficients, in the order:
‘—P(l),P(Z),P(3),....
up to a seventh ordér polynomial may be entered or a constant tbfﬁue
maf'be assumed by setting card no; 3 to one and entering the single.
value én card no. 4. |
Card No. 5
‘.Read the tétal inertia 6f all four road_whéels and ﬁhe drive-line
downstream of the clutch (referred to the rear wheels) and the engine
inertia. | |
Card No.'6'
Read the gear ratio, the drive axle ratio and the driving wheels
rolling radius. |
- Card No. ?
Read the mass éf.the vehicle, the aerodynaﬁic drag éoefficient;'the
rolling drag coefficient and the projected frontal érea of the'fehicle.
. Card No. 8 |
Read the outside-and inside radius of the friction material.
Card No. 9

Read the ambient pressure (N/mz), the ambient temperature (Deg.C)




‘the component‘of thg.wind veloﬁity normal to':he front.of.tﬂe'vehiclé
and tﬁe gradient (sine of the angle) |
;Card Né. 10 N
' This card allows tﬁe choiée 6f how ﬁhe coefficient of friction
is assﬁmed to vary, one ﬁifh slip veiocity only and two with slip
velocity,-clamp'pressure andf#urface température.

OPTION No. 1

Card No. 11.

Read the'statiCICOeffiéient.of friction and the coefficient
of friction at high slip velocities. If a constant coefficient of
friction is required set.the static coefficient of friction to
zero and enter the_fequired Valug_next. |

OPTION No. 2

Card No. 11
| Read the orders of the pol&nomi&ls used to describe the
variation of coefficient of friction with clamp pressure, surface
temperature and.slip velocity, respégtively. The next three or
more cards contain the coefficients in the same order i.e.
Pressure Variation P(I) I =1, NP
Temperature Variation T(I) I=1,NT
Velocity Variation V(1) I =1, NV

Cards No. 12 and 13 : s C

‘Read the thermal conductivity the spgcific heat, the-density
. and the material thickness, for the metal member and tﬁé friction
- material respectively.
Card No. 14
Read the heat transfer coefficient across the interface resis;ance

and the forced convection heat transfer coefficient.
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_Card No. 15
This is an option card which allows the chdice‘of how the clutch
ig to be engaged. The options allowed are:
1. Linear ramp
2. Instantaneous application
3. Polynomial application
4.  The clutch is engaged as the driver would, this option is only -
to bé used when:tﬂe full engine perfo;mance'characteristics
are being used. “
.Cérd No. 16 |
This card.controls the tyﬁe of simulation required, if set to 1 a
vehiclé will_be.simulated aﬁd if seﬁ to 2 2 test rig will be simulated.

OPTION No., 1

.Card No. 17

Read the initial clamp load, the final clamp load and the
time over which the clutch is to be engaged.

OPTION No. 2

Card Np. 17

Read the maximum clamp load only.

OPTION No. 3

Card Wo, 17
Read the order of the polynomial deseribing the required
sﬁape of'clamp load application.
Card No. 18
Read the coefficients of the above polynomial in the order:
PP(I) I=1, NPP

OPTION No., 4

Card No., 17

Read the maximum allowable clamp load and on a separate




B
card the-speed qf engagement of the clutch and tﬁe réspﬁhse.df
éﬁe eﬁgine.  | i.t L _ ' ‘ _ PR ,
_Card No. 18 |
.Read the initiallcénditigns for theigﬁgine Speed, propeller shaft -
.speed and the heat generéted. |
* Card No. 19 |
Read an integer, which is equal to the time incafval‘required
during ﬁhé printout of the_dynamic results divided by 0.0l secs.
Card No. 20
| Read the stability factor , .which is a number.in the range 0.0 to
0.5 which controls the stabilit& of the temperature solution and
should usually be sef to 0.1, ﬁead also the time interval of the
printout for the temperatures during the éngagemenﬁ, the ﬁotal time
lfor which cooling is assumed and the printout time interval during
cooling.
Card No. 21
This is a switching card which allows ﬁhe following options

- dependant upon the number punched in columms 1 and 2 of the card.

_ 1 : Ré-reéd torqﬁe characteristics Cards No. 2,3 and 4
- 2 Re-read engine and wheel inertias Card No. 5.
-3 Re-read gear and axle ratios and rolliﬁg radius
Card No. 6.
4 Re-read vehicle mass, drag coefficients and
. projected frontal area Card No. 7.
5 - Re-read friction material inside and outside radii
Card No. 8 |

Number ' | . Program action : _ ‘



6 Re;:ead ambient pressure and temperature, wind
~ speed and gradient, Card ﬁo.'é. |
7 Re-read details of coefficiént of friction
- variation, Cérds No. 10 and 11
8 . _ Re—fead thermal characteristics of the clutch
components,‘Cards ﬁo. 12 and 13.
9 : Re-:ead heat transfer coeffiéient across the
intefface and the forced conveétionAhéat traﬁsfer_
éoefficient, Card No. 14,
10 - Re-read'details of the type of engagement to he.
‘carried out, Cards No. 15, 16 and 17 |
14 Repeat thg engagement alfeady_carried out.
15‘ . Read in a complete new set of data.
New boundary conditioﬁs must be read in after each of the abové
options and also new timing controls and a title card. If no repeat
is required;the control pard_shotld be left Blank, thus terminating
the run.

Program Listing

The main body of both programs are the same i.e. the read data section,
the integration of the dynamic equations and the printout section, therefore
only one full program is listed here and the relevant inter-changeable

subroutines of the other technique.
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COMPLETE DIGITAL SIMULATION PROGRAM

IMPLICIT TEMPERATURE SOLUTION |




T
fos )

222 FURHAT(]/)

MASTER o1 UTCH

REAL, HSpFED

REAL HASS, HUS HUTN, HU KF K
EXATERMAL DEQIV

EXTERHAL PRLlUDt

DIMENSTON TAT(30. 30;'Txr<3o> Tr;<30> TDT(3G) TBT(SO 30)

DINENSTON G(5) Y(B)Y,F(5),YPCR),DL5,15),DP(5,15),pPPPc7)

'-FUHH“NIrFH(&RIFs,KF RHO S . RHYE ,CPS, CPF PRTFNT.Y, FCH TAM?
.rOHHON/EUGTdePHfJ) PLECHY, T

CONNOH/GOEFF/CTCI0Y, 6V CIN) ,CP (10 / NV NT, 0P
COMMOH/ INTEG/RR, DAR, GR VUL, CD.AD AP RHO-GRAD, MAS SaIRiYPF BPP BPRy

TYPNPP RANT TN EL, A Y MU ZiTE, ™D TC, TURLTY o NTOP:IHUwTLHQ R1,R2.HV
CR2UIN,TDFRYALECPSALTFOR, yMAX, PRERAMP, NSPERED  £ENGPER
JeREAD DATA DEPENDANT O SWITCHING INTEGER “NREPFT" WHIGH oy L”TQY
SET Tu 745" GAUSTNG THE PROGRAIL TO READ In ALL THE RELEVENT DATA
TTHIS PARANMETER IS PESET Ta 15 AFT{R FXFCUTION THF p&DuRAM READS 1
A FRESH SET OF DATA '

{

NRFPET PROGRLH ACTION

I REREAD ENGINE TORQUE CHARAPIEH!STICS

2 REREAu ENGINE AND WHEEL INERTIAS

3 _ RENEAu.GEh; AHD AXLE HATIQSVAND_RDLLIqG HADIUS

l, ' ' REFEAD VEHTCLE MASS , DRAG COEFFICIENTS AuD PROJE
: FRONT/L AREA OF VEWICLRE | _ '

5 REREAD CLUTCH PLATE INSIDE AND OUTSIDE RANYI

6 N  REREAD AMGTENT PRESSURE AND TEMPERATULE , UIHD SP

S AND G ADIfnT ; :
7 t RLP&A) DETALLS OF CORFFICIENT OF FRIC:IOM VAPIHTI
-fa'. " - lREthH THERNAL -PROPERTLES AND THICKNENS OF MET AL

OF FRICTTIu MATERIAL

o © REREAD HEAT TRANSFER COEFFICIENT ACROLS IMTERFACE
; TUF FURCED CONVECTION COEFFICIENT R

REREAD DETAILS OF THE TYPE OF ENGAGEM:iNT HFEQBIRED

T4 : - REREAD BOUMDARY CONDITIONS AND REPFAT SAMi ENGAGE;

HEW BUUNDARY CONDITIONS MUST BE SUPPLIED N EACH |
MREPET=15 . : ‘ ,

6 READ(T.201)

URITE(2,224)
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2 Es Ry ReNs N Ry Ry

»

[ M ]
-

[ N ]

[ B B o

B o I
e -

coe 1TOR B 2 ENGTHE TORGUE 1§ ASSUMED To BE A FUNCTION GF EHGINE 50

. oo )
SR A A S I T e SR T LT T il e Bl L T S T e L (m e D Cpge e e T e ST R G T L T DL W R I A Tl a4

URITE(Z2,20%)

.-RiAD A TITLE CONTATNEP I RO 50ACES O A CARD THE FIRST CotUiy LE

GU l'O (‘)r1(l 11 1') 1111"?;“15t1f1’ 10 20 0' “ 0!9 (‘);NREP{]
READ(1.202) 1 TOR

..Q' 1TOR = 1 ENGINE TORGUE :5 A FUNCTION OF ENGINE SPEED AND HANTFU

L Tup(x) CQJVAJH Tn» COEFEICIEATS OF THE ENGINE TAROUE CURYF POLYN

LHTOR IS5 THE HUNBER OF COEFFICIENT

LPGOLY AUD RHCEY COMTIALN PHE COEFFICTENTS OF THE POLYHOHIALS DESC

THE VARTAT,ON QF TuRQUL WITH HANLFOLD DhPRFQSION AunDd E“qu; 5p

 .'1nc GONTATHS THE HUMIER OF CHFFFICIFNTS

TECITOR, FQ.2)G0 TO ¢ ' . o,
READ(1,202)1HC : '

READCT, 203 (pCCIY o PHCTY 101, 1MC)

WRITE(?, 103)<Pf(l).1n(1; q=1 K¢

.GU TO 8 -

7 READCY, 20221 TOR

READCY . 2030 (TORCL) , 1=, uT0R)
WRITEC(?,104)CTORLD) 1=, uTOR)
8 TFCHREPET M 1B)60 o 9
10 READ(T.203)ATHIATL o
URITE(?,222) S

AW TS THE TAERTTA OF THE FOUR ROAD UHEELS
e ALE TS ""IJ EMGTHE THELTIA

MRITEC2,105,A10, ALE
tF(HRLPL L 1860 roon
PV BEADCY 2030 GReNMAR R
WRITE(?,2272)
WG IS THE FIRsT GEAR 4ATIG
LDAR IS THE DIVE AXLE RAT(O
LR34 15 THF pOLLYNG RADIUS
WRITE(2, 106)FR-DAR,un _
TFCHREDPET, HE.15)G0 0 9
12 PEADCY, ?nS)HASS,AD,rD A
WRITE(?,R02; ‘
WRITE(?,%07 ) HASS AD, PD.AD
CMASS IS THE TOTAL NASL OF THE "EHICLE

Lo AR CAUD P ARE BRAG COEFEICIENTS .
cos AP OIS THE VERICLE PROJECTED FnONTAL AREA

VFGIREPET, G 15)60 10 ©
RIS CTHE clUyaH nlTs . pE -ADIUS
LR IS THE rLUvall INS5TNE RADIUS

i3 READCA.203) 1402

CURITE(?,P222)
WRITR(2,108)rY 12
S TE(HREPET NELISIGO 0 ©
Th READC(Y, 903)1ArTA Vi, GRAp
NRITE(2,222)




T e L LT T M L e T e B T e e e el W e

C..c PA IS THE ANQIEUT PRUSSUNE

CoooTA 1S THE AMBEINT TEMPERAVYRE

C...VU IS THF WiHp SPEED o :

CoooGRAD IS THED GRADIENT SINE OF THE ANGLE OF THE SLOPE
HRITE(2,109)PA, TA/VUY.GRAD g I
TRFCHREPET, HE 15360 10 9
WRITVE(2,222; '

. 15 READ(T.202)Y (MU ' s '
CCLL L IHUEY COFEFICIENT OF fRIClYON VARTES erH SLIP vaFD NNLY

Lo FHimg FOFrFlanNT OF FRICYION VARLIES WITH SLIp bﬂtED,.+prRATguE
Ciallp PREsSURE . - ‘

o o
.

JF iU “13¥0:0,16 o ' ‘ '

C...COEFFICIFNT Of FRICTION I> AQ,HHFD ON[Y T VAdY wITH ‘{Ip GRFFW

C READCT.203)US  HUIN -

LS 15 THE S'MTIC‘QOE!FICAENT OF FRICTION ' :

JWITN IS THE CoREFFICIEGT oOF FRICTION AT HIGH SLIDING VELOG:TY
WRITEL(? 11u)mUS,NUIu : ' : .

LI

: - GU Th 12
T16 READCY.L202) P NT Y B S :
i B THF BUNGRER OF CurFr;r:;J*< IN POLYNOMTAL C0 DESARTATNG U
VARIATION 11T, PRESSUR
Lo HE TS THE nul,ER QF CHFFFEGIEH*S TN POLYNOMIAL C7 DES;RINIuG
VARIATION WITH TENPER,TUR ‘
YOS THE NURGER OF CuREFF.FL1EGT™S IN POl YNOMTAL CT DESCRIRING 10
VARIATTON‘HITH VELOCT v ,
CCOFFFICIENT O FRICTION VAPIES WITH VELOCITY , TEHPERATURE Aup P
READCT 2033 (0P 1Y Tt Ny Y
READCT.203) (6TCIY s Lty N7y -
RPEADCTE . 203 {0V 1Y Ta1 . NV
WRITEC?,118,¢CP (1), 129, 1p)
WRITECZ, 999 ¢CT(I) eint,nTd
URITREC2,920, (CY(T), om0y - ' ‘ '
TFGIREPET,HE . 15)60 70 9 '
READCY 203 2S/CpSsRGOS, 0T
CREADCT. 2036, FPF RoOF , M7
WRITELZ,222) , ) : S
JKOTS THE THEINAL €ONpyeTIVITY L T
. Cp 18 THE SPEQIFIC HEAT : o
LRI TS THE DONSITY :
WS REFERS TO VyfE NETAL HENGFER AND F TO THE FR:rrxnn MA)FRIn!
LPPT IS THE T” i"l(“f,tva E ThE METAL MEMBER
Fu? I3 THg f“afﬁHL DF ToF FRYCTION MATERIAL
WRITE(?, 1.4)!.\11(:‘-‘5::.{{08 PPI’,PF FPFrRHOF FMT
STRFQUREDPET  NE 15)G0 .10 9
12 PEADCT.203) 4y, FCU
CURITEC(?,2272) _
C... UoIS THF NEAY TRANSFIR COFFFIGTENT ACROSS THE FRICTION INTERFACE
C.,.FCH IS THE FORRED CONVECT; ﬂN LOLFFICIFNT -
NRIchf,112)n'FLH
TFCHREPET  HE,15)6G0 10 9

;;i?

e R rErEv Ry Ny Ny
[ T N

R~

DA GO
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121
. Cl i..
c..

C.
¢
€
c
c.
¢
C.

24

25

2

R T 1R¢YPF = ﬁ YA ACCLiLRLTIOH KEPT CﬂNSTANT P?AHAX

20 READ(1,202) ;RTYPE

HRITE(R,222) _ :
FORMAT 0K 2THMAXIMON CuAMPp 1 0AD 1§,G13.46)
FDERT EQUALS 1 VENIGCLE 15 SIMULATED

o IDER] LODALS 1 TEST LI6 STMULATED
CREADCA 202 IDER] - - .

IFCIRTYPF,. Ui, 4260 T 25

LCIRTYPE = 4 LIEAR RAMP ENGAGENENT
.';IRTYPLfa 2 INSTANYANEGUS £NGAGEMENT

L IRTYPE = z'anVNﬂntAt ENGAGEMENT

P

TFCIRTYpr=230.24 .22

READCT . 203) e ACFRAIITIM
DPPa(AN-AC) /RANTTH
CMRITELD,113) M, AFarMiIh

GO TO 23

READCT, 203200

CMRETECZ,114)AC

U TO 7%

READCY, 20210 P

READCT, 203 A0TIN g
PEADCT.203) (PPPCL) ¢ lnl At P}
WRITFE(?, 113)(PPp<I) T, ppp)
waPPPfﬁi _

pU A tmp, HpR

PP LI YyanpP (P SRANT H/(x"1)**2
68 TO D3

CoONTIIUE : ' '

READCT, 2030 pHAX o ' L '

ol

CHRITE(?, 121y PNAY

PEAn(1,303\¢QPr;n EHGPEY
UKIuF(?.*Z?}HSpﬁiD«éNGPLR

FORHAT(”HH(;"'?HPATL WF Euﬁf\GtMLN#‘ ‘ ;G13.6:/:1OXp18H‘£;NGINF
T = ,613.4) _ —ur ‘

nUa, 34

TOBRR¥MASS . BGR*<AU+GRLD)!vnRIGn/O 96
YeXimTo/nmu/ (rT+R2I+q .

TFC7(3) 17,300, O)Y(a)=3u0 n
PRERAND=TSGY o

PRFiIHi~?(5)f1500 0

Yiny {3y .

Y{Z)s0 O

CONTEINYE

TRONTINGE

WRTITE(2,222)
READCT, 2030v¢€1) , ¥ (2, V(4>fY(§)

TFCHREPET, NE.14) 7200 - SO

nashos

|



et 7 T

T A

CURITE(2,222)

€, I

READCY.202) (PRINT ‘ o
CREAD(T,203)FSTAB, DT'RINT ToT LM, TING

PRINF a8 THE RFQUIRED TIML INT&RVAL IN PRINTOUT DIVIDrD BY 0 01

'fﬁ TPRINT=FIOArfIPRINT)*O 01
Y3y =AD .

CUOMNRITE(2,116)¢1,¥(1)  181,5)
co CWRITECZ2,117)TPRINT
CElm(MAS ;*RR*RR*AIN);DAR**Z{FJ**?

26

31

ARS 1424 (RTwr2=R2%#2) T
RHQ=PA/Q. ZE?I(TA*Z?’ 0) o B
TE=(], 0 : oer
TC=20,0

PSA=0.0

TD0=0,0

. HO=0, 001 ‘$ .'.‘,f__ .

NTw(, 01

CALL STARLE(NFNS+F TAB N, DT)

URITE(?,222)

WRITEC(2,100)

IFCIRTYPE, NE, 4360 To 30

HinG : ¢

N=g '

TFATL=(

ITEST=Y

Heg, G005

ITINERTFIXA(T/60, 0y

TINEST=60,0xFLOATCITINE)

WRITE(?Z, 101)ITIHF THEsvYCYY, V(Z) ZfY(E) Y(&) Y(S) i, U;sE:TC:TU.
1A .

6(1)s0.01 I - - L

G(2y=0.01 -
G(3)=0, 01 ‘
G(4)=0 01 SRR
G{5)80 01"

HPRT1G
IPalIPRINT ‘ '

CALL DO)AHF(T:Y G, IIFST NaoHY . H PRELUDE Fe¥P, D:DP N?;IQ IFATL)
NP=lP+1

TF(NP.GE . 10,60° TO 31

TECH(3),1.T.¢3)G0 10O 26

PRERAHP=O 0
GU YO 24

CONTIHNUE

S H

PRIV {5y #5000, n/ar ‘
CALL ThIisT(y.ba, bT.nrpszT TIENTRY»RY, RZ,FSTAB TOTIM, TINC nn rAT,

ATeTCT, TBT;TDT NF .+ HS)

206
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C 1Paip+n '
IF(IPHTHT-TP)U 0:49
1Pl ‘
-"ITIHFniprx(Tjéo ) _ . _ _
CTINE=T-60,0xFLOATCITINE) ' o
URITE(2, 101)ITIHE:T1ME;Y(1) v<2).z,vt3>,v<4> Y(S).MU V'TFv?C.TD
Lo TAA -
~ 29 runr:nuc '
O TF(YE3Y LT, vz)sa ?0 26
30 CUNnINUE

o : o : s
: C,..INTEGRATF DYNAMIC EQUATIOHQ : : A
T - S
e S 1Pa0 . S S - .
CiFAIL=D - o S
TETEST=] ”
' 6(2)20001 .. K . ‘ .

G{(3)=0 on1
GCAY=0 g0
6(5)=0,00%
G{1y=0 o1
G(2)=0 01 : o
6(3)=0. 01 . B
6C4h)yn0 g1
- 6(5)=0 01
TENP=TA
NES
HUO=0, 09
H=(, 0005
Nia5 ‘
TENTRY =) '
CALL TpIsTCT DO, DT, pTPRINT, IENTRY RY FR2, FSTAB;TUTIM TINC,HD,TAT
ATITCT TRY s THT e HE NS,
URITE(?, 101)TTIan LME V(1).v(2).z.v<3> v(4) Y5y Mit v, TF TC TD
1A

A CALL Dﬂ?hHF(T Y6 ILTEQF N, HD HeDERIVYF,¥YPyD,DP,NY /)G, IFAIL)
S DARY(51x500, OIDT

_ CALL TDI”T("DQ DT, DTPRlHT.IFNTRY R1. R2 FSTAB:TOTIH TINC ., ND, TAT
S 1TthT;TBT-fuT NF/ NSy _
TCHP”(TXT(HF+1)rFXT(NF+K))/) "
TENP2TEHP+TA
1Palps1
CTFCIPRINT=Ip)0,0,2
1Pug .
ITINE=TRIA(T/760, n)
CTINE=RT-60, “wFLOAT(TIIHc) ‘ ‘
1NHI|E(? A0V ITINE, TIHE V(1) V(Z).ZrY(B).V(é)rYtS):Mu J TE Tc TD;
A .
@ TF(Y(1)my(2)~0,403,3,4"

207




-3 HRITF(? 102) , I :
_ HRITE(( 101>ITIMF TiMEpY(1)»V(2}aZ.Y(5) v<4).v<5>'ﬂu,v,iéarc.TD
1A '
TENTRY=m10 ' '
S CALL THISTLT, DR, DT DTPR;NT :ENTRV.R1 R2 FSTAB TOVIM, rInc ND TA;
1T¢TCT TBT., TDT NESNS) ¢ o .
pTad.05
IENTRYﬂ-O9, ' : . _ o S ‘
CALL-TDISTLT. PR, nT DTPR1NT.1FNTRY.R1,R2 FSTAB TOTIM TINL,ND T&T
1TtTCTrTﬂT:TDT MNF.HS) ‘ o , . . .
READ(Y., 200 REPET

IF(UREPETIS5, 5.6 = ' R T
5 CONTINUE - | : R
- STap B . : o .
201 FORBAT(A0H e : ‘ :
1 : : o Y

202 FORNATI410) .
203 FORNATE10FN_0) - Lo
13 FUnnATfiox.aﬁHRourruF vnpiss THE LNGINr TORQUE ArTrrp::Mr TO/
- 1»26UKEEP THE ENGINE SPELD CONSTANT THROUGHOUY THE ExGAGEMENT, /.
2063HTHE ENGIME PERFURMAGCE 1S DESCRIBED BY YHE FOLLOWIN POLYHOM
,,:/,10x 2HPC, 10X 2HPH, 7, 502X, 615.6,5%X,G15., 6,/))
104 FUORHAT(A0XK, 63HROUTLIE VAPTES TORQUE ACCUﬂDaNG TO SUPPLIED FNGINg
: 1n?aur ClUpVE, /:10x,29upo,vnnnvaLs COEFFICIENTS AREL /e 7CAOK GI 3.
2)
105 FORIATCG0X, 4?HIHFRTJA OF FOUR ROAD UHEELS PLUS DPIVF!IN&.G15 64
_ 16 Nwel /10K TZHINERTIA OF EUGINE(G13.6,7HKG Ha*?)
106 FURNAT(I0K 14HTIST GLAR RATIV.G13.6,/, 10x T6HDRIVE AXLE RATIQ-G1:
Trl v 10X AOHTYRE ROLLING £ADTHS,613.6,1HM) . J

107 FURHAT (10X, 42HVEHICLE Hhﬂs G13.6,2HK6,/,10X,97THDRAG COEFFICIENT
VoI5 2HAN, G306, 015X, 21D, u13 6 I,an.22H9u0JECTEn FROFTﬁL ARE
213,640 11%%2)

U8 FORMAT (10X 21HOUTSIPE CLuTCH RAD!UQ 013 6;1HH:/ 10x PowrmslvF C+
ACH RADTUS G 3.6,1HN)

A0 FORNMATOAOX ZAUANBIENTY CoNDITIONS AT TIME OF TEQT I'1SX BHPQE Sy

NGB 66N/ el [o 154 VT HTEMPERATURE, G153, 6,5SHDEG Co/, 15X, 10HUIND
2EED,GI3, 6, SHIN/SEC, /7, 15X, BHGRADIENT,613.6).

A0 FURMAT (10X, o3HCOEFFICIELT OF FRICTION 1S ASSUMED TO VARY ONLY W
1 SLIP SPFEED, /15X, 1dHSThTIC COEFFICIENT,G13, 6,/.15x 19annAurc

_ AFEICIENTY.G13.6) : |

118 FURITAT (10X, K1HCOfPFiFIEdT OF FRICTrnN VARIES urTH VELOCITY, T&

- YRATURE AND pRESSURE, /10X, 21HPRESSURE roEFFIrIFNTs.;.(1nx.SG15
199 FURHAT(10X.'4HTEHPE¢ATUVF CORFFICIENTS /(10X 156G15,6))
120 FORNATC10X,21HVELOCTY COEFFLCTENTS, /. (10K,5615.6))
1T FORNMATCI0X, 4€HTHFRHA PROPERTIES OF THE CLUTCH COMPONENTS, /.04
‘ THTHERNAL, 8X BHSPRECTFIC 21K, BHHATERTAL /12X, 12UCONDUCTIVITY, 5K 7
CRAVITY 8y, PUDENSITY , 27X, YHTHICKNESS, 7 A 35X, 9/ N/ DEG Kr 6X,10HI/7KG
36 KeOX 7HRG/M* 3 01K THIL /. 2CT04:4G15.6,7))
112 FORIAT(10X,45HCOEFFICIENT OF HEAT TRAHSFER AGROSS INTERFAGE,GA3
112HU/H**?/DLG K.I 1ux LINFORGED CONVFCTION HEAT TRAmeFEw CORFF1




~ .

ZUT,G13.6, 1210/ %+ 2/ DEG 1) S o - o |
I3 FORBATOINX, 43HCLANR LOAD APPLIED ACCORDING TO LINEAR RAMP,/,20X
o THCLARE LOAD = 1 G13.6,9H* TIME + r013.64/ 15X, 33HTINE OF APPLICA

S 2N GF CLANP 1LOAD,613,6.415ECS)Y . .
174 FORMAT (10K SAHCLANP LOAD AppiIED INSTANTANEOQUSLY,/ 715X, 18HMAXIN
C U ACLANP LO0AD G326, 10D S . -
115 FORNAT (10X, 44HCLAMP 1LOAD APPLIED ACCORDING TGO A POLVYNOMIAL,/:10
o ASHPOLYHORIAL. COEFFICIENTS,/,3¢10X,4G15.6,70) o -
116 FORHAT (10X 18HINITIAL CONDITIONS ,//,5(5X,2HY ¢, 11,1H),G13.6))
117 FORDATC(10X.-23HPRINT QUT TIME INTERVAL,GY3.6,/) SN
100 FORBAT (2% AlTIME ) 6, ZHENG. Sp . »2X  PHP/S SPuriXsBHSLTP Sp.y2x,?HC
TOAD, TX BHNAG.DER s 240 6HHT.GEN,2X 0 BHCO, OF FR,2X,PHVEH.SP,, 1%, 8UHE
STUR, +2X, 7HCL.TOR, + V4 BHORPAG TOR, VXK. 8HP/S ACC, o /42K PHMIN=SEC 2%
SRAD/SEC, 2K PHRAD/SEL, 2K, 7THRAD/SEC, 3K e 4HK My, SX o SHMM. HG , 4X ¢ 6114 OV
R a,14x,5un13Ec-4X,4HN.H..sfoHM.H..Sx,AHN.M..3x,10HRAD/SEC**2,f/>
i _ _ 01 FURHAT(1K,I2.1H-rF6.3:1A.3(F6.1r3X)11X0F5-0.AKrF5-2f4X.FS-E:“K'

©i 102 FORNAT (VOX32HCOKDITIONS ‘AY TIME OF ENGAGEMENT)
RGO FORNAT([2) S ' . w : '

EHp L

L sURROUTINE PRELVUDE(DY Y, T)

" _ REAL MY, MULH, HUS DALS : |
- _ DINENSION DY(S),¥(5; ' S ' -

R CCONNON/ INTEG/RR, DAR, GR, YWY CDLAD (AP RHO, GRAD, MASS, IRTYPE, DPP, DRP)

DIPHPP AT HLET, AV MU, £ TE, TDLTC, TORCT) (NTOR, THU, TEMP , R1 #R2 L HUS
UIN IDERTATE/PSACTTOR, pMAX, PRERAMP, NSPEED, ENGPER
: -~ DYy =prERANP ' o o
‘ . TCalli* (1 +R2Y*Y(3)
- = S DPaAMANDE(Y (1) TR)
. : TF(nPI0,2,2
o PPud,0 '
‘ ' - TERENGTRR(Y(1) DP)
_ GO Tt 1
. - . 2 TEeyC o
‘ L 4 CUNTINUE .
Ylhyapp R C
o S DY)y (1) T /1000, 0
DY E(rETO /AIE
- - BPY(2)=0,0 .
oL pYsIm0.0
IR - RETHRN o
o ' FHp = '
o © - FUNCTION AUANDE(XWE,TE)
‘ ‘ o COMINNJENGTHE/PHS)Y , pCIS)Y , IHG
- XHwpHCTigrn) - ‘ '

A

. - XCapCrne)
e pU 1 d=, IMCe
' Co XmXMRXYE+PHCINGJ)
A XCa{CeXURE+PCCINGnd)
XPPa(TE/1000. U*XWERLC) /XM




, Anhuhhmxnp_-'
. RETURN
_‘,END S L ' S
' SUDRDUTINE TDIQT{TaQaDTfDTDA}HT;!EﬁTRY:R?fRZuFSTAB}TOTTJH;TINC
CAAIX Con, D NE NSy S - i SRR

L. THIS ROUTIHE ancha'rnF UNSTEADY HEAT ronoucrznu EQUArIGN AND 87
. THE RESULTANT TEMPERATURE NISTRIBUTION ON DISK + AT THE END 0F A
EH(AGEH&NT ?HC DISTRIBUTIUM IS OUTPUT IN A SHGRTEND FURH '

...R1 AND R2 ARE THE oLy rH 1usan AND oursinn RAhIUQ RESPECTIVEL‘

..fT IS ;HE TIHF FROH THh BcGINI r OFfF ENGAGEMENT

njﬁrintﬁf)ﬂﬁﬁftﬁtﬁ-.

...Q xs THE TOTAL HFAT GLNERHTED up 1o THIS TIME f' i _
.o oDT IS THE TEME INTFRVA OVER UHICH. IH?FGRATION TAKES pLACE

...DTPRIHO IS THE bIHL TdTER’AL aOF Tﬂ& PRINTMOUT

.IhNTR( 4 ON FIRST EHTRY

k- _ .
. o TEHTRY = $VE (N SUnuEwHENS ENTRIES DURIN THE FNGAGEMENT
JTENTRY = w10 ON LAST ONTRY OF ENG1?SMSNT

L TENTRY ® ~09 UN ANY SunEQHFuT ENTRY AND Assﬁﬁatv is ASSUMrn T ¢

..;FSTﬁB 15 THE APPROKTH\TF NVALUE QF THE FOURIER NO T0 BE USED

TUTTIH I“ THr TiNg OVLR NﬂtCﬁ FOOCRE?HQS 1SSUHED

ncﬁé:ncﬁrancﬁcak:ncacuc:n
» - EY

...TIMC IS YHF ITnTEVAL OF PR{NT~ONT

PLAL KQ KF ' T . '
DIHLHquN A(ND, no).h<wo> »COMDY A BUND,NDY ,DCNDY  2¢1 ) :
COBNON/TEHPERIKS (KE, RHQq.RHUFGCSlCPFJPP?IFHTIUlFCHrTAMB
TFCTENTRY)IZ 041 - IPEE L
TENTRY=10 ' '
8 CONTIHUE
CooQd=a0,0
QUL')HO t}
AFﬁ(R1**r”p’**2)*3 142
DXQ:PPr/;LOAr(N5»1)
anaFquFLnnT(NF -1)
FOSEDTwK S/ {HOS*CPSuDXSH+2)
CFOFEN TR/ (RHOF & CPF NAFx2)
S ALEEF /s «s QgT(Ks*RHUF*C,F/kFIRHOS/CPS)
CBOaFCH-p XS/ KS .
.nQFuAL*DXFfKr/AF
CBASA( ALY *DXSIKS/ A
RIsalwxnXs/iys
BEF=UwnNF/ KR




¢

C 1CH=0
IFAIL=0 ' e
CALL F01FAF(ArND,HD TFALL)
CALL FOYCAF(R«ND, «ND,TFALLDY

L CALL FOLCAFCOAND, Yy IFATLY

CALL FOYCAF (P ND, 7:4FAIL}'

U UNF4=NE+3

CCALL SETACA,FUS, KD, s, Nr1)

CALL SETACA,FOF, 8D, itF.2)

C O CALL SETR{B,FOS,ND,;s +NFY)
CALL SETRAD,FOF,ND,YF,2) L
NISPAPETLI n+F0F>*2 0 o

A 2 amFOF 2 0 L

L e b

AN, RE) R FOF 4 (2, g BIc)"f 7.;'7f: 1)‘;ﬂcf;~;37  ',.i~

.C'

CAINF#T L, NE+1)R2,0% (1, 0+F0F)
S ACNF+T  NR+2)a=Fur*B g F
CACNF*2, hr+l )a~FOS*R. g -
L ACNFR2 0 0F+2) 22,00 (1, 04EGS)

C AUNFSZLNE+3)RmFOS (2. 0mp18) ' SN
'A(NF*N"+?.Hr+NS+?)ug Qw(q, O+£GS)+2 G*FOSuaﬁs ‘_.d

OACNFANS A2 e NS ) EnD, OvFOS
B, =2 05 (V. 0=FOF,
B(Y, 22 O+pNF
RONF+1, NF)RFOF*(2,0-R]g) ¢
RENF+T . dr+t)yul, gs (T G"FUF)
' n(HF+|.un+?;nFOF*BI*
DUHE+2.HReY ) aFOSEBT;
BlNE+2, AF+3)aFQs+*(2 0~p1v)
BANF*2, r*2)m2, 0% C1,0"Fus)
B(NF"’N"*?HJ;--%N EAPEY ’ LO#pag
BUNFANS42 NE+HSw2)m2 0wt (m KOS)-E O*FOS*HUS
IF(LENTRY.Eq, "99)60 T0 3
1 adr i .
L= Q=001D
NaLhuQ
HCCUF*1\ RQF*FUF*(QJ1+QJ)*2 0
CANF+2YanqSwFOS#(QI{+QJ) a2 .0
CANF+NSR +?)“4 0*800*;03*‘ AMde

¥
B

...HULTIPIY MATR X B BY NATR&

)

TFATL=O
CALL FOTRKF (DD, X, Nn.i»hn14-1;1 IFAKL)

¢
..'ADD HATRIX ¢ lﬂ MHATRIA D
¢

C

¢

»

: FALL FQ'HGF(F ND - 1!il1‘l{:tN0;‘1!1lN.Df101"IFAIL}J

.+ SOLVE TRIDTAGONAL MAT.1X




CALL TRIDIAGLAAKD,ilD)
C ICH=ICH+t - S
- WRITr(lb)Tf(}{(I),I“",ND)
0 RETURN :
R IFCIENTRYVEQ, ~99360 70 8 S O P L
URITE(2,101)FOS,BIS,nAS, DXS, NS, FOF,BIF,BQF,pxp NE L
101 FORMAT(// 22X F 1 THFOURLER NGO, ,BX 3HBL 112X, 3HBQ ,42%, THOX .Sx 16
-.;.1 OF MESH PTS. »/ 10X, ?OHMETAL MEMB,¢G15 a.éx 13.;.8; ?2HFRICT;0
2AT 4615 Ri6%.13, /I) :
o REMIND 4
S HRITE(2,102) ' B TS SO AT
'102_FURHA.(//f1ux,4zur5npsngTURE straxauTlou DURING»ENuAG:HENT //J

NITSENG/2

HITFRHF/2 - o ‘ o S ey T T _*
- CWRITE(Z, 105)f1 I=1rHF*1,fITF) (I.InNF+2 NS*NF+2.NITS)
103 FORNAT (13X 4HTIHE TOX17HFRICTION, HATERIAL.ZSX 12HM¢TAL HEMEFR«
' ,: TAXRS3COR, 120680 o104 504K, 12, #X}) T R b
S IPRINRTEYXCDTPRINT/DT) 0 - e e 'i'”"-‘.
oL abpelPRgN FE O P ERP R
 ICHATCH=1 R - o |
5 RCAD(&)T (A(r}.xnu.uo) : -
TFCIDP LT, TPRIN)GO 1O 4
1Dp=( - ' -
HRITE(Z?,404)T, (X(I) 151,NF4‘1lNITF) (X(I) IaNF"szNS*NF"'?uN[TS} :
& 1DpuHIDDP4Y . N o ‘ _ o
~IlppeInpps+d R
CEFCIDPRLLE. (GHIGO Tu 5 ' h
104 FURNAT(17X. F’-J.ZK:u(ZX Fé41 . 2K)f3X 4“****03X!3(?X Fé 1, gx))
‘ RETHRHN
S 3 URYITEC(R,108) S R ,
108 FORIAT /721X 27HTHE ASSEHBLY xs Now cooLING;//r
T CINER2Y=0,0 : R P - .
NP+t Y200
TI”L”FEUAT(IFIX(T/TLNC))*T}NP : ' : :
o MRITEC(2,1407) (1, 1“1ch*1fNITF):(I:IuNF*Z,NS#N:+2 NITg)
7 TIHL“TIHF+T1HC
6 TETHDT
JFALL=D - - e
CALL, Fﬁ1er(n:n x,un.1,nn,2;1.1,lFA1L)' .
CALL FOLCGR(DAND T 6100 ND ¢ T e NDe T+ P TFATLY.
CALL TRIDIAGLAX D0 o _ :

i

o

e

\
\
\
ITFCT. LT . TIHEYOO TO 1
CITHRIFIXCPLIIE/ 6. 0) |
‘ IT”ﬁIFIA(lTHF)“ITH&oﬂ o S - |
HSI;E(? Y003 TTH,ITS,XC1), A{JTTF)pX(HF+1) RINFA2) o X (NF+2 4N TS 4 X
A+24H05) |
106 FURHAT(1ﬁXv?Xr14 4x 12.4 Xe3¢2X Fbe, 2RI ZIX e ewny 3X,3(2%, Fé 1ﬁ
D)
107 FORNAT (16X 4Halnlr3ux 1ZHTEMOERATURES ./, 12x GHMINS » 5X, 4HRECE . ax
1(“Xp12 LX) r1OR300X, 12 4)))



u:f f1fA(1,!+1)n~FU

  - C-
¢

v

, xFlTIHF LT rOTT;H)Gu TO ? Sl
CRETURN o ,’{3-~ o
CENp | e
j,qUnROUTINE ‘FTA(A:FU ND N,M)

O .DIMENSTON A(ND/ND)Y L

L aR2, 0w, 0+50)

R 1 I A . TT 0N YT N
'..A(I!I 1)“-‘"FU
'A{IrI)nQ

- RETURN ey LT oot
RN e o ‘ ' ‘
[gnnunnou*xue uTABLE(N;,NS FSTAG'NDrDT) . S -
" REAL K&,KE T e e
L _runnnw/rrnpanlxg KF,RHG;.RHoCaCPSpFPF PPT:FMT U FCH TAHB
- DXFeSQRT(DPT«KF/FS TAnJRHuF/rPF)
"NFHIFIX(FH*/DAF)*1 -
TEQUF  GE 5)&0 7010
CWFEeY
. DKF:FHT/FL”AT(NF 1> o
-';FSTAﬂzhr*KF/nhF*+2/‘HGF;rpp
- HRITE(2,105) '
05 FURNATEA0X, 43 H*sen TABI*IT? FACTOR HAS . sﬂ&n CHANGFD *w*&>

10 pXS ﬁgQPf(DTﬁKSfF°fAB/RHU"/uP§)

,N$=IFIY(PPT/an}+1
L HbaF+lIge?
WRITE(2,100)FSTAR . | R
109 annhr(1nx-¢nHTur RuHT[”r HAS CHOSEN. THE NESH SI7E REQULRED” TG
o TTUX, ABHKEEP THE STAGILITY FACTOR APPROXIMATELY EQUAL T0,613.6)
- RETURN | | et AUAL T0,613.6)
Ftip - . : _'_L o o : g
. ,UBRO!JTINE (,F;R(!} £, ND ”tl’s) S
CCDINENSTON DYND.ND)Y e . st
R 0% 0=
Cp0 1 Topn.Hep-2
- BCY, I “1)m*fFo SR
By, D2 o T S
T RCI, I+ )Ry ‘ o
U RETURN S | |
END L _‘ _ EU
SUBRQUTINE TRIDIAG(A X:u:N} S [T

...THI UﬂPnUTINF SOIVEJ A ’WIDIAGONAL HATRIX

o PUIYsAMLLD) . : o _ g
U RA (43 /P () : - : : :
QUi mr=i(1,23/P(]) o '
D0 ] Tm2.Y~Y ' s ‘
plI>mAL], I-')*Q(I 1>+A(1 I '
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c
C

c.

'“_a(1>n A(T.I¢1)/P(I) L [ T A o
NUSSLIGISREYYS IR CL RPN G o 1))/P<1> B AT PR S
o PQDBAY LRI RRIH= ) R AL, Ny L EA
: au(n)a(n(n) AfN.N 1)ru<N 1>)IO<N)
U XANYBUCYY o
DO 2 Iat N 1
S TS S

“RETURN _

LT END P o L _
S FUNGTION: CﬂuFF(T P;V) LT e

"iﬂ_POHHﬂHf(nEFF/CT(10) PV(10>.00{10).NV,NT NPf S

...THIS FUNPTTON PALCULA ES THE VALUE OF THE DYNAMI

'*g:xpacchp)

CRUNSTION Eu.,onfhwr;xDp; ST e

L0 1,Ja1,xuc~1 i

T XMEK e A PTG J)

KCrXOHYYEPC(IMEmY)Y :

- TE“(X“*XDP+XP)*1DOB 0/xwr
"RETURN

“OEND

: DlﬂiNSTnH DYC5) , v (5
' CUMHON/INTFHIRR DAR, GR, VW, CD. AD AP HHO, GRAD.HASG IRYYPE.DPP, nPD
AYENPPLRANTIN-ET, A V. HU, ZsTESTDLTC,TORC?Y  HTOR, THU, TEMP,RT #R2, MU;

PSS IE Q(:N)*x(xn*1)+u(xn>'

;éﬁérf;cieﬁr;o? 

1=%; NP-

'? 5xP“4P*P+fP<uP4i> B
j-—_‘l)fT?-!('T(ro) S SR
N0 2 fmq,HTer

XI=XT*T+FT(NT"I)“ -w; CET s T e
S XVmCY Ny S T L

PO 3 I=q,NVet o

XVaXvwvaoV{ygv=1)y 3

CONEF=D 41510 0475wy pwxr*xv

CORETHRN

EWD

rUHHQNIEHGIHr/PH(S) PC())';MP
XMapt(ry : i

'5x6=Pc< "1e)

;,THIS rHNPTION PALCULA[FS THt ENGINE TORQUC FROH HANIFULD DFPQESSI
..AND ENGINE SPtFD ' _ _

*

sUgroUTHE urRIv{DY v,T)

. REAL Hoprgn

REAL 1M1, Uy S, BAss © S P

201N, 1DFRT(ALE(PSA, IIOR;,an,hRFRAMP NSPEED (ENGPER o

S

c...THIO aUBROUTIﬁF ALCULATEJ THE DFR!VITIVFS OF THF FDL!OU?NG PARANﬂ
| ' 9214 - ' -

T el , \

\

’ .

e P ot e 5 4 i e - e ]
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C
SR
c
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C
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C
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C
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c

.;.THREE Tvpes Ur ENGAGcHFNT ARE possxaLe

.,.FJGIML TORQUP 15 CHUOQ N 61vE cousranr ENGINE SP:ED THROUGHOU

%ff1¢>r0N.Ian

C...TUSTANTANEOUS FNGAGEMENT'

- Dv<1> [ g”f}‘enfxw; SPEFD uE

A'IT?PE W K IS A FGLYROHIAL FNGAGtMEHT P*CfH*T*M#?**Z#

CUTFGINS £0.0. 0060 TO 30

60T 19
SU30 mUaptu g

'18 VCm(R1+H?)I2 O*Z"

..LINEAP RAMP

.DY(Z) _ ;_i£iFT.PfS SthD U .
uy<3; fffila”VQ'CLAHP Loaw P!gfj,v#*'

D{<4}~ ’V[f?ﬂANIFoLD DFanssrou

DY(S) EVE;;Q;HEAT QFNEnATED Q BT

ITYPE R 1 zs A LINPAR RAMP p n*r*c

xrvpg =2 :s AN INSTAJTANEQUS FNGAGEHENG  ;$

"'I""

(THE EUGAGEMENT o IF This f< POSSIBLE

AMai,0 .
rrcvcza LGTF v(1)3a1=n1 G
AL & PER'TS-S N
CURCIUSY0.0 .18

o HUnHUIH+(HU -MUIN)*LKP<~1 88*2*(R1+R2)/2 0)

60 TO 10

. PRESS=Y(I)Y/4/71000,0
CRU=CO0FECTENP, PRFSs VC)
L VRY(2) 7GR/DAR*RE g A
' ;rTA=(0 D60, QOO707 + =0, ﬁﬂOGZO*V**2)¢(0 9??n0 001?65*V)
~ FDuliASS w0, Hu?*(AD+ChAD)+hH0/2 0*6P*¢9*(V+VN)*ABS(V+VW)
_ TDnFD*FRfD\H/GR/FTA , g
VFCIRTY PR NE. 1)(0 Ti. 9 ' '
CYTELT, G DAHTIH)GO T 2
DY (3danpp
GO 70 3
2 pY(3yan 0o
GO T 3 ' : -
1 YF(IRTYPE=2)4:2,4 : S



C & IFCIRTYPE,NE.3)GO Ty 3
v‘ Ce s CLFCT.GEIRAMTIMIGO. T g
R ,...POLYNnnzAL ENGAGEMENT -
L XA A*T+DPPPCNPP) ;'“

PO 7 Ippey nupPey T
:? XAnxA*T+inp(NPp-zpp)-
D3 mxAL

”: GOTO 30
3rcon.INnF

5SFQN95”?;E

JIF(Y(S‘ GE PHAX)G"
7JIF(WV(1J)9 10.11
10 DY (4R 0"
60T 12
«{ﬁfqrnv(a rﬁrth N
T TE(DY 2y 40, 0)0 0 2: _
: DY (4I)m-30,0 ' J
23 CUNTINUE , '
e R LA A L2 0. 0)50 To- 12
S DYEe)E0 0 _
o 60 TH i
1Y DY(4I=P0 .0 . fugu_-jula;“?x“f“
TR CLT, 50 0)6 ro,12l L
STpY(aYED 0 ;.“ e e
S vy E3n o o
12‘TEuENGTun(Y(1)aY(4))
60U TOO13

e FUNTINH&_ _.“ﬁg,_;iz_ .
: sTEuTORrNTOR) o
ST e IFCUTON, FQ, 1)(,0 Tg 1-;
S TR D0 14 11, TORMY
”W;ff:16 TEan*V(1}+TGR(uTOR IT)
I3 CONTINUE .
- TC=A1*NH*Y(J)*(R1+R’)
...SET Up DFR'VlTTVFs -

c
o -
'.C,..IUFRI AR 51HULATES A VFHICLE_;
¢
¢

...IDERI ag <THUIATFS A TEST vIG uITH ONF STATIDNARY HEMBFR
c TFLIDERT . NE,1)6G0 70 45 , o

e DY(1)=(TF fu)/AIE




e ' FECLRTYPE . ME . A)GOT T 2% DG L el U T e
U ERDY Q10,2222 57 R T e 3r;ﬂ_uﬁfﬁ:gﬂ.f?~a¢
TRy (1 Y-100, 0}0 0.20 L T P P
e DY(SY=100,0 e gl e
e 607002 e
! VZO"DY(S)nuanED
Lmj(r& 70 ?1
B chv(BruvHKxﬁzt,zi 0~-*
- DY A(3dR0 0 ST
Y EPIAY-
P RONTEN e e e
'ug-~oYc2)*rTr-rD)IEx'“”
"QB?ESr#r*rCTTGQQ*
PIA=DY Oy
TECY=0.01)0,0,1
TFIRYE2)3070315
1?5&%?@;5?!“H#(R1
PYEIrRTR/ER L 01
thTFff,1?¥V¢31‘GGL'”
VTR s L g e
17 FORHATr/// 10X'=**** cLurcn FORCE ALTER:D FRnM';F12 2;!?0',912.
S Yarewt 0 )
Lo A3 TFCIPERYL, NF ?}G 2100 16 ﬁi_,;,“]_“-“"
g.nﬂiyyﬁﬁ ¥ T
DYL2Y= rrF-Taiéﬁ
;f}"i’ew)nﬁ_ﬂa
, r}*fre}‘*ﬂ"*n
Y es)E nrc/moo‘o,
16 CONTTHUE -
TS RETHR e SR - - LT
U ENDe T TR T T
- FINI%H L Lo
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INTERCHANGEABLE SUBROUTINES FOR

" EXPLICIT TEMPERATURE SOLUTION

Q0
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o L S L o

SUBHOUTJHL TDIST(T q.DT DTPR!NT IENTRY:R1:R2 FGTABrFOTTIMrTIMC
1A x c.n NF:NS) C _ .

I

|
[
|
i.n1 AND |2 ARE THE CLU e INJIDF AND nUTsIDE RADIU REspECT;VFLy
...T 15 THE T!HE FRGH TH nerrmrwr oF ENGAGEMENT i ‘

..-Q IS THE TOTAL HEAT GENERATED UP TO THIS TIME

...DT ls THE TXNE INTERVAL OVER NHICH INTEGRATION TAKES PLACE

...DTPRINT IS THE TIHE INTERVAL OF THE PRINThOUT

...IENTRY =0 ON FIRST ENrRY ' ‘ Lont '

oo TENTRY 2 #VE ‘gN sUaosqusnr surnz:e nunxns THE ENG&GEMENT o
.« +IENTRY ® =10 ON LAST ENTRY OF ENGAGEMENT - o
...IENTRY =99 ON ANY SURSEqUENT ENTRV AND ASSEMBLV IS ASSUHFD TO ¢

H

l

...FSTAB 1s ?HE APPRuXIHATE VALU& or THE FOUR!ER NO TQ BE qun

..TOTT!H I? THL TIME OVhR UH?CH FOOLING IS ASSUMFD

..-TINC 19 THF INT&RVAL UF PRINTwOUT

'ncﬁfrncﬁrahiﬁr:ncﬁhcﬁ?}nfanr:n¢7ran S

REAL K nKF ) : N ‘
- O CODIHENSTON ACHD, nn).r(wu) c<~n) DND) ’ '
- . CUHHON/TIHPLR/KSoKF.RHOS.RHOFuCPS CPF,PPT:FMT u, FCH TAMB -
| .« TFCIENTRV)Z, 0.7 4 _ Lo
- S 1ENTRY=40 ; - | ‘
X 8 CONTINNE . L e E - : |

: =), 0 : _ : : - . |
‘ o o quLp=0 g . ' S \
} : AFRCRY # %2 R&**Z)*J 162 : - i FEE - -

o : DXF:FHT/FLHAT(NF 13 . , L L _ |
Y = T DASBPRTIFLOAT(NS=1) " oo ‘ ~ A o
o CFUSHDTwKA/ (RHOS#CPSADXSHw2)
o FOFaDTAKF/ (RHOF«CPF«DXFa22) T e
s ALHKF!Ys*SQHT(KS*RHUF*CPF/KF/RHOSICPS)_.”-- B

i BURECH#pXS/KS ol
.o nasaly 0= AI)*DXSIKS/AF-

S BUFaALWDXF/KFIAF D
CUoplsaUenxs/Ks

e e alruuwoxF/KF RR

Lo 1CHRG
S TFATLE T o ‘
- CALL FOMCAF(A ND HD;!FAI!}

o CALL FOIRAR(E/ND, T, IFATL)

“ CALL FO1CAF(D, NDa1oIFAiL)

. L NFYaNF+3

S e T BALL SETACA,FOS,ND NS, NF1) -
\ T CALL SETACA,FOF,ND,UF,2) i

- ,.A(1.1)a<1 0~2 0»;0;; -
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- A(1 2)az2 0rF0F S e

o ASHF#1,NF)u2 O*FOF S L e
o ACHEHY  NE+T) R 02, 0*FOF*(1 0+nxs>> T T R
CACNF+T,NF+2)=2.0%FAF*0IF - . e B PR

O AINF2,NE+1 )02, 0%FOS#BIS
T ACHEAR  NE#2) =Y, 02, nvpoqw<1 0+BIS))
CUNINFE2 ,NE*3)RE,0*F03 L
~ ACNFeN§a2  NE+NSH1) =2, Owgo§ o .
TUA(NFESNS 2 NFHNSH2) B (T, 0*? 0*505*(1 0#508))
Seo w7 TF(TENTRY, Eq,-?g)GG TO 3 : ,
T o adeaeoLy
A0Lh=q - C R
O NERT Y2, O*FOFtBQF*QJ .
L CANES2Y=2, 0wFOS«RAS G

e CANEANS#2)R2, O%FQSeROTAMB o ot Ll
€L MULTIPLY HAYRIX 8 BY HATRIX X RESULT TN, X o
S IFAIL®D

r CRALL F01rKF<x-A x.ND.1.un n.un 3, IFAIL)
,<_C...Aon MATRIX € TO MATRI{ X RESULT IN X -
oty CALL FDACGR (X NDr 1o 1 1,c ND el No.1 1:IFAIL)
".;f ICHsICH+T :
CURITE(AMT, (A(I) 1=1, MD)
RETURH :
2 IFCIENTRY.EQ.~99)60 10 § _
. HRITEC?,101)F0S,BIS,BRS,DXS N5, FOF,BIF,BQF e DXFoNE -
‘101 FORIIAT ()] 2220 ¢ 11HFOUR1FH NOLBX 3HRT 12X, 3HBQ ,12x IHDX ¢5X.16H
1 UF NESH PTS, o/ V0K, A0OUMETAL MEMB,AG1IS,8,6X,13,7+8X,12HFRICTION
2AT 0645, 8,6%,13,7/) : '
RELIIND 4 T
L~ NRITE(2,102) ‘ '
102 FORHAT(II;10X:42HT=HPERATURE DISTR!BHTION DURING ENGAGEHFNT !l)
NITS=HS/? , ,
o METESNE£2 o ' wa@ﬁ,,ﬁ
T URITECZ 103)rfrr~f.nr+ﬁ HTTFTv(I IHHF+3.NS*NF+2“N3TS)tJ'“=7"" .
103 FORNAT 13X 4HT IR, 1nx.1fHFRIrT10N MATERIAL:ZSX 12HHETAL HEHBFer
117('3(4)(.1204)()r10xra(4)(112 4)()) S
IPnfuurer(oTPRrNT/oT>
-,znp IPRIN e ;‘.f*.‘ e
o XCHETCHe D T T
.5 READCHYT. CX(I).1=1 HnYy I
o e JIFECEDP LT, IPRIN}GO T0 4
SR U EL IR -
S CURITE(R, 104)T'(K(I)r!=1 NF+1 NITF) (X(I>cI'NF*2 NS+NF+2.Nth>
4 IDpaIDPan
o Ibppainpp+t
co CIFLIDbPD L LE, 1eHY 6O TO 5 .

04 FORNAT(I3Xr F3e302X03€2X, F6.1 2x> SXrAH****!zx sczx Fé 1,2x)) o
SRS “REYURH ‘ : o ‘ G
3 URITE(2,108) : ' ' - . o

108 r0nnA7<//.1ox 27NTHE ASSEHBLY xs Now cooaxns,//> ' ' :

;
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CtNEs2)=0.0 3 | ST e e
ST TINE =anATc1FIx<T/r:nc>)*71uc B Ae-;* ‘ -131*
S CANFEYYR0,0 ' ' '

\
\
COMRYITEC(?, 10?>(In1=1fns+1 NITF) (1 InNF#Z NS*NF*?;NITS)
L TINE= T!MF+TINC . , ; \
G TAYHDT »‘;r_ éfj;;
" yFATL®O '”'a" S A UL ' ‘
TCALL FOMCKF(XA, x.No 1.»0 n un SaIFAIL} e |
CALL - FOY1CGF (X ND Tt 1 c un 1:1.ND 1 1.1FA!L>
CIFCT LY. TINEYGO TO ¢ - . . |
?_lITHnIFIX(TIHFléo 0) _
‘fszsazFxxtrqu) o0 LT |
"WRITE(2, 106)1TM ITS X(1) X(NITF)'X(NF+1> X(NF+2) X(NF+2+NITS);XW
\
.
\

2RSSy

) 106 FOR“AT("?XrIfu’iX'IZ 1?)(!3(2)0("6 1!2}{)#3)( 4”*#**!3)(!3(2)( F6.1,2X3)
‘f 107 FORMAT (16X 4HTINE 30X, 12HTEMPERATURES:/ 12x AHMINS:3X:4HQEC§.4X
AR T2 X 1 10X (AKX 125 6X)) IR T

if;‘f'f S IF(TIHE LT, TOTTIM)GU T0 7
oo o o RETURN o SRRy
‘ L L ", , TN FND P . .

1 sUBROUT I NE STARLE(NF NS.FSTAB-ND,DT) S
REAL K%,KF . o '
.CUunoufTrnPrR/Ks.KF,RHOa,RHnF cps CPF PPT:FMT.U,FCH TAMB
CDXF=SQariDT«KF/ES TABIRHOFICPF) '
" ONFRIFIX(RUT/DXF)+1

TEQUFLGE.5)6N Ty 10 4
NF=as S . _ : ' ,
nXp:FnT/FLnAT(HF 1) . ' ‘ o : -
: o FSTAR=DT+KF/DXFa*2/3HOF/OPE . _ _
‘ C : URITE(2,105) @

105 FORBAT (10X, A3Hwwws JTABILITY FACTOR HAS BEEN CHANGEa voni)
10 DKS:SQVT(DT*KS/F’TAQICPSIRHOQ)1
NS LFIX(PPT/DXS). +1w .:h::-m o i
NDuHF+Ng+2 0. : ‘.;._“;,_: e T __“_:_LM._ﬂ‘,_.;i_
WRITE(2,100)FSTAR . L . : ST SIS
‘ 100 FUORNAT (10X, 49HTHE ROUTINE HA% cnossm THE MegH SIZE REQUIRED TO '
11UX, 48HKFEP THE STAJILITY FAPTOR APPROXIMATELY EQUAL T0, 613 6)
‘ .-,-nETuRN T L e it Y
‘ U END L L L i ‘:   _h¢ﬁ¢_;; 1,\3; i .'7-“'; ,‘_J
S, . SUBROUTINME oETA(A FU;ND:N:H) R I e PRI
p;q;;_;;-;g;ﬁ: DINENSTUN A(ND/ND)
\
\
\

\
CERE0m2.0eFy T S
DO 1 Tai, Neie2 e e L
Al Deg AU SR ER _3“_,\
© o LACT 11y aFD | . L o :
1 ACY,141)=FO S e S S -~‘
. - RETURH -~ o ' S S R L




SAMPLE SET OF"RESULTS,

: 10 GRADIENT TAKE-UP.

STMULATION OF A 1

Y
o2
02
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ey
Sy
S |

S0 ENGINE RESPONSE. ’"~2 50900 |

S 200,000 Y2y 0.000000E 00 L“”?tsz b}bobobbgfpb" Y(4) 30,0000

MAXIHUM CLAHP L0ad 15 4zob.on

[f;aére oF ENGAGFHENT 500,000

..INITIAL couoxwzous

-:PRINT ouT TIHE. IHTERVAL 0. 10u000

THE RouTINg HAS CHOSEN THE MSH SIZE REQuIREn To <o il
'KEFP THE STARILI Y FACTOR APPROXIMAT LY ¢QUAL TO 0 100000 e

roURIER no. . ep Csq okl N0 OF HESH | PTS S

METAL nEHB 0.02459421E-04 0, 44444444L"02 0.34097608E=02 0, ZOOOOOOOE GZ 7m”;wm &

-FRICTIGN HAT 0 972936145 01 0 44150110 '01 0. 36856558F 02 0 333333335'03 10 ' A?

. . e s




L UQUTSINE CLUTCH RADIUS 0.905000E~01H
. INSIDE CLUTCH RAOIUS 0.667000€-01H

AMBIENT CONDITIONS AT TIHE Of TEST
- PRESSURE . 101500 :  N/pw+2
CTENPERATURE 15,0000 DEG ¢

JMIND SPEED 9,000000¢ OUH/SEC
GRADIENT 0, 096000& a1

COEFFICIENT 0F FRICTIGN xq A gungn Td VAnv 0ﬂf¥ wITH SLIP SPEED“
- - STATIC COEFFICIENT 0. 45uouo : Tt U e e
© DYNAMIC CUEFFICIENT 0,340000 -;~=: "‘ﬁ§’"“?m'&*"ﬁ

N~ :'TPERHAL PRDPcRTIES OF THE CLUTCH COUPONEATS

_ THERHAL R SPECIFIC : . »i,, MATERTAL.
o COWDUCTIVITY .. GRAVITY s OﬁﬂsiT? .. THICKNESS
S SWINIDEG K 'JJKG/nEG K KG/Mwwl Mo
©. . 45,0000 .. 155,000 = 7830,006 . o 1000005 01 _ﬁ”;}
- 0,755000 . 388 noo . 1840,00. - . 0.300000g-02

7 GOEFFICIENT 0F HEAT TRANSFIR ACROSS INTEYFACE 100,000~ W/H#+2/DEG K . .
FORCED CONVECTIOH HEAT TRANSFER COCFiICIENT ' 43,0000  W/M##2/DEG K .. L'




. ROUTINE. VA&IES THE EdCInE ragoua ATTHH?TING To B

Voo Lol KEEP THE ENGINE SPEED CONSTANT THROUGHOUT THE ENGAGEMENT B
e ;.,.:__;; THE ENGINE PERFORMAN»F rs aEsPRIBED 3Y THE FULLOUIN POLVNOH!ALS
- PG 2 PH - : :
'.~5 42066 _ggij-o 317900 S .t.qﬁf ?Uu-«f
TR {8 1639(‘8 Dm0, 86323502 BT PRSI SO
_ g~0.118515E~05 o D,577556FA05
»0,580300E-07 .  * -0, 101552¢ 08

P LT T S— e e e e .-

TR L

o IhERTIA o:hrouR ROAD UHFE}S pLUS DRIVELIMF 3;30060'u
INER*IA QF. ENGINE 0 250000 KG. Hxap S ST

e Hev2

ST eeRr AT TS 500
. DRIVE. AXLE RATIO .3,900n9

0L TYRE ROLLING RADIUS0,236000 -4

VEHIGCLE MASS . 1210.,00  «k&
... DRAG COEFFICIENTS -
. AD 0,1800001.04
0D 0 SS?QOO T e
. = PROJr?TED FRONTAL AREA f 930u00 Mewg




- N

DY
RAD/SEC

.+ SEC

0,000

0,001

0,109,

0,201
0,301
0,401
h0,501
0,671

0,771

0,871
L 0,971
1,071
AT
- 1.271
LY 37
Y
1,571
1,671
1.771
1.871
. 1.971

< 2,071

Y2171
2,271
2.571
2,674

- CONDITIONS

2,671 1443

193,
- 498,

160,

Y

2000

200,0
200,
200 .
200
200 .
204,
200
1906,
199
193,
194,

F}

-

187
182,
179,
175.
1?0,
166

-

1553,
150

133.3
144, 3

QAa/aEg RAD/SEL

COoOCDOOS

P AR G D DD DS S D
000,
N N

. o @ L] LI B ) . . » & & »

AR PG s e

* Y

ANVNNOPRPOAPOOODCCOD

&
X
"

L% )

1 .

oamﬂdmmAprwﬂowmﬂooooooooaﬁ‘

.  6; 

v 1. -
152.
302,
451,
602,
752,
927.
997,
1047,
1097,
11!‘79
B B L
T1247.
1297,
347,
1397,
4447,
1497,
1547,
1397,
1647,
1697,
1747,

1802,

1876,

TIHE OF ENu&GCHENT
18764,

. CL.LOAD HAN.DEP.
KN,

ﬁﬁT.GEN

-HM.HG
39,00 0.00
- 33,07 0,00
130.638 - 40,08
28.28 - 0,32
25,89 Q.73
23.49 1.29
21.10 2.01
18.29 3.55
RYYS 4,56
17,46 0 5,60
16,91 b,64
16.66. . 7,73
16,41 g,7%
16,16 $,85
15.91  ~ 10.88
15.66 11.88
15.41 .. 12,82
15,16 13,71
14,01 16,53
14.66 . 15,26
14,69 15,90
14,46 16,42
13.91 16,81
13,66 17.04
13,49 17,14
14,08 17.45
14,08 17,15

colof FR
KJOULnS e
0.340
0.340

0.340

C0.340 S
0.340
0,340
0.3490

0.340
0.340
0.340

0.340

0.340
0.340
0.340
0.340

T 0.340

0,340
0.340
0.340

0,340 .

0.340
0.341
0.347

S 0,444
0.450

0.450

.ENG TOR. .

LA 4N e
QOO

£ & 8 2 a2 & &2 E B M = ¥ & # & ¥ & E % & * s ®
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