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SZGTION D~ 

I ntrodugtlgp 

A conclusion of Part B aDd the saga of 'the DMldland R6d Coacha 

in Section Cll show thRt it is essential to ~v the drag force of 

a vehicle accurately in order to predict its performance. The uBIlIll 
• 

form of drag force expreseion ie a seoooo order polynomial \11th 

vehicle velocity as ths independent '!criable.. The Buco/ld oreer term 

is called the uaero<lynamic"dl"ac. while the col1Btant Il.nd 1111B1ll" terms 

together are said to be t.be "rolling resistan:)e". The form of thie 

, expression is cl ven in Seotion B:3,_ 

It 19 necessary to study therefore, the techniquee avaUable for 

drag measurement aDd the suitability of tha usual form of the drag 

tlxpreasion,. The stud,. of the techniques available in Sect.1on D2 is 

an extel1Bion, in ra'.;her more detail, of '~.he instrumentation rsview 

in Section 1\2, subsoction 8. It is showa in Part D that the 

lijeceleration" test is a suitable tochnique aDd beEl the edva.ntage 

that it is cheap to coo:iuot aDd that it is aceurp.te, sincs it has 

been used es the basis of E.GSeasmellt of' ulrA tunnel tests (24) ~ 

Further, it yields the full drag 1'orce, botb aorodynamio and rolling 

and cJ.ters to some extent for the 1l1ter8(;t10n of the p:l.ramet.ers 

affecting the rolling rssistance mentioned in Section D3. The 

deceleration test may be davaloped therefore to provide data in 

order to assess the suitability of the usual form of the drag 

expl'eaaion. 



Also, the Department of Transport Technology, Loughborough 

Univera1t;v of TechllOlogy, is develo}J1ng its own vehicle spsed 

meastL>:"ement and data !'oouction equipm'3nt. The deceleration test 

forms a convenient means of assessing the accuracy and re~tab1lit;v 

of different :i.lllltrument Er/stema. 

Part D therefore, develops the deceleration test as a means of 

obtaining the drag coeffioients of n vehicle by providing answers 

to the main objections to the use or tue deceleration t0St. These 

objections are the effect of wind speed am tne tedious dnta reduotion. 

Further, El built-in ohecking procedure ie provided. 

Note I The data reduction teohnique for tbe deceleration test 

conta1ned :l.n l'art D together with details of the 

instrumentation ullder development nave been published 

1n a paper by G.G. Lueaa and J. Britton. read at the 

Aerodynamics of Road Vehiole~ D]Illposium, City UDivarsit;v, 

November, 1969. 



SECTION AA 

Rolling or m. resistance 

There ore two methods in current use for determining the 

rolling resistance of a tyre. The first is to enclose a test 

wheel in n box and to tow the box using a load cell in the tow 

bar. The box is designed to el1m1nate the aerodynamic drag of 

the test -"-1 itself. The test weal ~ be loaded by placing 

weiehts in panniers fixed to the tost wheel 1'ro.me. Such a rig 

is described and illustrated in the Jnauar,y 1967 edition of the 

Automotive Design Engineer (2). 

The II1Il1n disadvantll88 with this type of rig is that thore 

is little control of road surfaco or of tyre temperature. BQth 

.those factors can have nn effect upon tyre rolling resistance 

(see Port B, section 3). 

The second method of measuring tyre ~lling resistance is to 

load the test wheel agsinst a rotating drum of large diamotar. 

Because _ Q].oS8J; control can be made with this type of rig, it 

is favoured even thou.;h the surface 111 ::ou1;o.o~ • .1t1.o the tyre is 

curved rather than i'lnt. Allowance has to be made for the Clll"Ved 

surface when interpreting the results. 

The usual practice, therefore, is for the tyre mami'ncturer 

to suppq the vehicle mrumf'acturar vi th the 1'ull characteristic. 

of his prodUct. 



There is the difficulty in 1l1tezpxet1ng these characteristics 

for vehicle performance work, aince tyre temperature, 1nfiation 

pressure, torqlle level and road surface should be specified. It 

is not unnatural, therefore, that vehicle rolUng resistance is 

usually represellted b;y a constallt term. Reference to Fig. B;3.2 

shows that this is approximately true up to the speed at which 

the stami1ng wave forms in the tyre tread. 

--
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Aerodypam1 c drag 

The usual method of obtaining the aerodYJl8lll1c drag coefficient 

of a vehicle is to subject either the vehicle itself or a model 

to a wind tunnel test. Thsse tests pose certain d1f'ficuJ.t1es 

which may be classified uDder four headings. 

1) Correct representation of the ground 

2) Blockage effects 

3) Correct representation of the vehicle 

4) a.,ynold's DUmber effects 

Points 3) and 4) may be avoided by using a full scale wind 

tunnel of the type ex1sting at the Motor Industry Research 

Association, L1ndley. Here quite large motor cars can be 

.accomodated and there is the added advantage of a chassis 

dynamometer, capable of absorbing 250 horsepower, built into 

the w1Dd tunnel (24). However. such facil1t1es ere expena1ve. 

Blockage effects may be measured separately and so allowance 

may be mads. 

The correct representation of the groulld however. is difficult 

to deal with. On the road, a vehicle moves relative to the a1r 

and the ground. In a wim tunnel. the vehicle is stat!onary and 

so IIlIi¥ have no velocity relative to the ground. The VIIl'1ous 

methods employed to overcome this problem are given by White and 

Carr (24). Briefly. there are 



8) Fixed platform to represent the ground. This la the 

mat common method rut it does mean a tb1ck boundB17 

lqer underneath the car where one would 1'lOt exist 

in practice. 

b) Fixed platform with suotion to remove tlul boUlldary 

layer. 

0) Image method. 

The model is imaged about the ground plane thereby causing 

symmetrioal air flow and correct representation of the 

ground. The main difficru.lties. apart f:rom the cost .of two 

models. are the size of tunnel required ani the control or 
the downwash. 

d) Semi-image £lOO platform. 

Designed to alleviate the extra model. required for c) 

however. ,8 large tunnel is still required. The model is 

mounted on a platform. Below the platform at right angles 

to the platform and affixed to it a wall is positioned suoh 

that the flow splits symmetrically at the 1'lOse of the platform. 

e) Elldless belt. 
The model is arranged in the tUJlllel with its wheels touching 

an endless belt moving at the air speed in the working 

section. SUch installations are expensive aDd are usually 

confined to small scale tunnels. 



pcc~leration test 

This method hus a lot to offer becauae it roquireD no 

expensive wind tunr.el iJ'lStalllltiona or speoial rigs and because 

it yields both the aorodynaoic drag coefficient IUld the rolling 

resistance. 

The vehicle under test iD driven up to a speed DOt far short 

of its maximu.m speed and t.hen allowed to coast in neutral gear. 

The decolernt.ion against speed history of the vehicle is recorded 

during tlds coasting period either by direct measurement of 

aeceleration or iTom a plot of vehicle speed against time. The 

test track must be otraight and preferably level. If a small 

gradient exists, it WElt be known. Several such test tracks at 

The Motor Ir.ductry Research A .... ~ciat!cll IIl·o ........ ..; ol· ... .m:i at Lu:ol."'r 

moet these requirements. 

It is usual to favour the leas direct metbod of measuring 

the vehicle speed agaiDSt time characteristic, rather than attempt 

to mea~xre vehicle deceleration directly. Unless the tra~k io 

virtually fI'ee of all bumps etc., the pitching and vertical. motion 

of the vehicle makes the measurement of vehicle deceleration 

d11'fiault (4,3). It is possible to measure the vehicle deceleration 

accurately ..tsillg accelarometera positioned at thE) contre of gravity 

of tilt! vehicle, but euch inatrumentation iD expeDSive and time 

COD-~ng to sot up. 



Fig. D2.1 is a typical plot of the 1880 direct method of 

a vehicle speed against time history of a deceleration test. 

This is used to illustrate the technique of the reduction of 

the results in order to obtain the drag coefficients. !"ig. 

D2.1 refers to the Honda 8800 and was extracted from R'lhe 

llutocar lt t~l). 

Measure the slope 01' Fig. D2.1, calculate or othol'1olise 

obtain the vehicle deceleration at a D!l.miler 01' differellt 

vehicle speeds throughout the range. Then, knowing the mass 

01' the vehicle and its rotating parts, obtain the drag force 

using Nsvton'ssecond law. Hence obtain a plot 01' vehicle drag 

against vehicle speed. This drag for cs 10 due to both the 

aerodynamio and the rolling resistance. 

The part1cular appeal of this method for this vehicle 

performance work lies 1n its cheapness, Simplicity !1Ild not least 

to the fact that oThe Autocarn began publishing the results of 

deceleration tests as part of their road test report on vehicles. 

This latter point Dcemed to offar e vary cheap faailit7 for 

obtaining the full drag characteristics of El large number of 

vehicles. SUch data would be invaluable in future vehicle 

performanoe work. 

The main barr1ar seaned to be the large amount 01' work 

involved 1n the reduction of the data. Accordingly, a IlpBo1o.l 

Iltudy was Ill!lde of this point and a data reduotion procedure designed. 



SECTION D3 

Decllet!tion test data reductiop 

Exper1mental. points plotted OD a graph IlUBt contain some 

element of scatter. ItIV data reduction method therefore, should 

include some smoothing process. The obvious method of approach 

is, start1ng troll the accepted drag forlllllla 

"2 
Ft) = W(Ad + Bd.V)",," !.A.V. • D3.l 

to 1IOl'k back and so obtain the mathematical expression 

v = Vet) --D3.2 

which governs the results of the deceleration test. In fitting 

equation »3.2 to the experimental points, the three ur.knawn drag 

coefficients M. Bd and K mq be found. 

The full der1~atlon of the 1'mction in equation D3.2, 

which includes the possibility of a wind speed, Is given in 

Appendix D.l and shows tbat equation D3.2 may take IU\Y one of 

three forms. 

Q1 ven tbst V = Vo when t = 0 and zero mild speed, if 
2 

HaA4 > (~.Bd) 
K.A i;:i:-lA) '2. 

the 1'mction 1n equation D3.2 i&l 

V mlle/h = f. (VO+D) .. Tan (m. t. t) 
( t ) 

1 + (Vo'" D) TIlD (m. f. t) 
( f ) 

i= 0( 

-D -- DJ.3 

,,50 



where 

1. -- ~- -- D3.4 

m = lS,K.A. --D3.S-

and n --D3.6 -
- --If' W.Ad 

K.A. 

v mile/h = 1 -n --D3.7 

m.t + 1 
(Vo+ n) 

If' however, 

> W.Ad -

V mUe/h. = f. ram (m.f.t)+ ~ J-n 
. 1 + ~l Tanh (m.f.t) J 

--D3.8 

It 1e evident, theref'ore, that certain dif'ficulties exiet 

with the obvious method of' approach. The first is that the drag 

. coeff'icients themselves are inv9llved 1n the determination of' w~ch 

of' the three expressioJl8 is appUcable. This could be overcome 
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by trying to evul.uate the drag coefficients using all three 

expressions and than by selecting the appropriBte set. A 

Dlong_windedn procedure in itself. 

The aecond difficulty is in fitting experimental results to 

such complex expreaeione by the method 01' Dleast squaresD or a..D3' 

other method. Equation D.3.7 ls 11 "car, and eo may be aecomodated 

quite eae1ly, but its application is unlikely. Append1x D2 

ShellS that equation D.3.S may be llnearised and so rcamereCi by 
. . 

mathematical trea:tment. ROllever, there is no simple solution 

to ths treatment of eqUation· D.3.3. It is not possible to 

linear1se a tangent fUnction. Rumarical methode would have 

to be employed. 

cert31n simpl1ficatione may be made bY setting Bd = 0 and 

Ad = 0.01.3 for radial ply tyres and Ad = O.OlS for cross ply 

tyres (see Part B, seot.ion3). The, only WIknow then is the 

aerOdynamio dl'ag factor K •. Hciwever, a great deal 01' tb!l attraction 

of the deceleration method is lost becaus,e it is capable of 

giving the rolling resistnnce which, as is emphaeizcd above, 

may oot be cxpresaed by a constant term only. Even with this 

a~CIlt, the actual computation t1me involved using a digital 

computer is likely to be greater than the time taken meneuring 

slopes Bnd doing the calmllatione by hand. Such a situation 

would be ridimllous. 



It vas decided, therefore, to drop the idea of fitting 

tbe correct law to the experimelItal poilIts in fa~ur of a 

techDique vh1cb uses a method of fiDding the slope at 8I\Y poilIt 

on tbe vehicle speed against time graph aDd than proceeding as 

one would with calculations by hand. SUch a method is eaq to 

program for reduction uaiDg a digital compllter and ie Ukely to 

be at least as accurate as hand calculations, particularly if 

tbe hand calculations involve measuriDg slopes of graphs. It 

is possible tben to cbeck tbe accuracy of tbe drog coefficients 

by evaluating the appropriate expression (equ. D).), D3.7 or 

D).8) aDd comparing the 8DS1ler witb the original plot of vehiole 

speed against time. 

To find tbe slope of tbe vehicle speed against time curve at 

al\V of tbe points shown in Fig. D2.1, tloD methods vere considered. 

The first tckes the poilIt under consideration and tbe t1.lO adjacent 

points~ see Fig. D).l, and construots a quadratio through the 

three poilIts. The quadratic is tben differentiated to obtain tbe 

slope I1nd hence the decoleration. 

ConslderiDg point (Vn• t n) in Fig. D).l and the tvo adjacent 

points (VIJool, tn-1) and(Vn +1, t n +1)' a line througb the 
\ 

three points IlIlst be satisfied by 

Vn-1 = a + b. to-l + 0 <tlJool)2 
2 

Vn = a + b. to ... c <to) 

Vn+1= a+ b. tn+1+o (tn +1)2 

) 
) 

! 
) 

-- D3.9 

.1.53 



Solving these tbree s1multElDSOUS equations gives -

2 2 2 ( 
b = t11-1. (Vn+l - Vn) +- tji. (Vn-l - Vn+l)'" 'n+1· Vn - Vn-!.) 

t~l'<'n"l - tn)+~· (tn-1 - t n+1)+ t~+l·(tn - tDool.) 

and 

o = tw. {Vn - Vn .. l ) ... 'no (Vn.': - Vw )'" tn+l. {Vn-J. - Vn> 

t!-l. {tn+1 - to) ... t~. ~tn-l - t n+1) ... t~+l. (tn - tn-l) 

hence the! vehicle acceleration at speed Vn is 

2 
1'n = fl (b + 2.0. t n) ft/s -- 03.12 

-- 03.10 

-03.U 

In order to test this mtJthod, the slops at eacb point in 

Fig. 02.1 vas moasured by drawing a tangent at evat7 point to a 

smooth curve drawn through the po1JJts. Thoso figureD are compared 

witb tbooe calculated above in Table 03.1. The discrepancy is 

quite small, largely because the data had been smoothed first by 

drawiDg tbe grapb. Using raw teot results, considerable errors 

were produced by this mtJthod. Tub1e D3.1 sbows tbe calculated 

acceleration at 10.0 ssconds to be higher tban that at 7.5 seconds, 

an 1mpossible situation. This sort of deviation from the true 

increases vGI'1 rapidly witb the degree 01' scatter on the results. 

The method could be made viable by very carefully smoothing out 

all results first, a tedious procedure which introduceD the 

possibilities of errors in the data. ArI:I po!Dt described with 

the 1o/l'0ng ordinate, on easy mistake when reading graphs and 



punching cards, produces a very large error ,in the calculation 

of the slope at the point and at the two adjacent points. 

Accordingly, the metbod 'vas disoarded. 

The second method employs a tec~que used elsewhere in 

this vehicle parformanC8 work, that of f1ttiag a polyJlomial to 

the raw vehicle speed against time results •. This means that any 

point recorded wrongly will have little effect on the overall 

result, a useflll feature when handl1ng test results~ Also, a 

polyDomial is eaay to handle mathematically aDd can be llsed to 

generate II91l points if necessary. It can be differentiated 

readily to give tha vehicle deceleration at any speed. By using 

the,metbod of Pleast squares" to fit the polYDOmial, tne calculated 

vehicle acceleration at a.ny vehicle speed is likely to be much 

more accurate than by measuriDg the slope :01' the graph, because 

the method of nleast squaresP puts the "bestn line through the 

experimental points .• 

It is neoessar,y, therefore, to fix the order of polyDomial 

required to obtain reasonable accuracy.. Table D3.2 Uets the 

result of a polyDomial cUrve fit to the data contained in Fig,. 

D2.1.. Program B07t,l, listed in Appendix Bl.. was used for this 

wor~. PolyDomials of order mlIIIber 4t 5 and 6 appear adequate,. 

The accurac.v is within the aocuracy of the data used,. Note the 

error recorded at time t = 10 seconds. The quadratic interpolation 



results iD Table D3.l suggest that this point is in error. Table 

D3.2 cont'irma this. 

Tile accuracy of a seventh order polTnom1al is appreciably 

better 1n this case, but there is a real danger 1n using a higb 

order because it would strive to aacomodate scattered pointO. 

Since the purpose is to obta.1ri the elope of the vehicle speed 

against time graph, this is not desirable. It was felt, there

fore, that a sixth order polynomial ehould be adequate for the 

vast majority of test results. Hovever, it vas dscided also to 

reserve the provision of using a polTnomial of a different order 

number if found to be desirable. 



SECTION D4 

Deceleration teat data haM" ng 

The procedure therefore, for reducing tho data from e 

deceleration test is 

1) fit a polyllOm1al to V against 1:. 

results 

2) hence determ1ne the veblcle deceleration verBUS speed 

characteristio. 

3) usillg Newton's 2nd la.., and the equivalent mass of the 

vehiole, cbtain vehicle drag force Fd = Vd (V). 

4) obtain the drag coefficienta Ad and K assuming that there 

is rID tell"ll proportional to velocity (i.o. Bd = 0), . alao 

5) assume Bd ~ 0 ani! tied Ad, Bd and K. 

6) check that accuraa,y of the results of' both 4) and 5) above 

by feeding the drag coefficients obtained back into the 

appropriate 'V = V(t)express1on, that is either equation 

A.D.l.9, A.D.l.1S or A.D.l.22 in Appendix D.l. The re

oalculated velocities (V) may then be compared vith the 

deoeleration teet results. 

By adopting this p:rooodure, the accuracy of' the V = V(t) 

polYrlDmial curve tit ~ be ohaoked, tho test results may be 

oheoked against the two usual forms 01' the drag force expression 

and finally, an overall check on both the deceleration test itself' 

and the reduction of its results by substituting back into the 

.. 
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expression governing the origiDal data. The check on the 

deoeleration test itself is a very useful feature since it 

throws light upon the standard of accuracy required in a 

deceleration test. The examples given below illustrate thill 

point. 

The listing of the digital COl!Ip".lter program des1gDed to 

reduce the drag coeffioients of a vehicle from the results of 

a deceleration test 1s given in Appendix D3. The form of the 

output f'rom this program is shown in Table D.4.l. After the 

heading data there follows the inp1t data for reference 

purposes. This is followed by the results of the sixth order 

polynomial curve fit to the resulto of the deceleration test. 

The next set of figures is the fitting of a second order 

polynomial to the drag foroe against speed figures in order to 

obtain Ad, Bd and K (or, in the example sbown, Ad, Bd and A.K). 

Then follows a set of figures fitting a first order polynomial 

to the drag foroe and the square of the relative air speed data. 

The final sot of figures headed aoheck on accuracy of resultea 

gives the original. read-in t1ce and vehicle speed figures in 

columns one a.nd two. Columns three and four are the oalculated 

speed fieures (see Appendix Dl) with Bd~O and Bd = 0 respectively. 

These lstter colUlllIll! sbould be compared with columns two in 

order to estimate the aocuracy of the overall reduction of the 



results and of the conduction of the d~celerat1on test itself. 

The data used in Table D4.l is that depicted by the V £l8Binst 

t graph in Fig. 00.1, lIbicb vas taken from °The AIltocarD (31). 

The grapb publish~ by DThe AutocarD is such that it ls difficult 

to be, too precise about tbe value cf each ordinate. Also 

published ls the lnformation that conditlons on tile day of the 

test vere IlblusteryO vith a vind speed of 15 - 20 mile/h. Such 

conditions are not conducive to good results from a deceleration 
, " 

test. 

These points are borne out ln Table D4.l. Tbe fit of the 

sixth order polynomial is good but those of the two sets of drag 

flgures show some arror, particularly at the lOll vehiole speed of 

20 mile/h. Also, the rol11ng resistllJloe coefficient of Ad =" 0.016119 

is rather higher than one would expect from radial ply tyres. 

Accordingly, it \las decided to investiga.te the accuracy of 

the deceleration test and the reduction of its reSillts further in 

Section D5. 



SECTION D5 

AccuracY of the deceleration test' 

It is show in Section 4 that the reduction of the HONnA 

5800 deceleration test data published in nAutocarn (31) high-

Id.ghted soma inaccuracies. Some of these inaccuracies undoubted17 

arose wh8n reading points off the ISIIlSll, thick-Uned graph given 

in AAutocarO; It vas decided, therefore, to obtain the actual 
, , 

test data from OAutocsrn• Th. Author is indebted to Mr. aeoff'l'ey 

P; Howard,' Assistant Technical Editor of nAutocare tor the 

information contained in Table D.p.l. (37). 

The figures in Table D.5.1 show the results of two tests, one 

in each direction. The wind speed is quoted at 10 to 15 ml./h. 

at an angle of approximate17 300 to the test track. Table D.5.1 

does r.ot contain sufficient points in order to fit a sixth order 

polynomial. Accordingly, the information contained is plotted as 

Fig. D.5.l. . This graph shows that the figures g1 veIl 118 44.4 and 

47.9 in Table D.5.l must be mis-prints and should read 2404 and 37.9 

respectively. 

A comparison between Fige. D.5.1 and D.2.l reveals the 

published dec~leration curve for the HONDA saoo aB a line approxi

mate17 mid-way between the two lines shown in Fig. D.5.1. This 

cencot be an accurate procedure, the wind speed 111 high and is not 

know precisely. Also a wind direction of 300 approxillate17 to the 

track must mean a considerable yaw drag componsnt. 



Taking the willd speed as 12.5·m11e/h. aIId - 12.5 mile/h. 

at 300 to the head-on direotion and submitting the data shown 

in Fig. 0.5.1 to program B032 resulted in Tables 0.5.2 aIId D.5.3 

These tables vhe~ compared with Table D.4.1, show a little 

improvement in tile accuracy of the reduotion. BIlt with only five 

or six points given on the deceleration curves and suob a high 

wind speed at such a high angle to the direotion of tbe vehiole, 

no oredance can be placed upon the drag coefficients g1 ven. 

Tbe instrumentation, designed within the Department of 

Transport Technology, Lougbborough University of Technology, 
. 

specifically for vehicle performance wrk was not built during 

the writing of this thesis, nor was it considered likely to be in 

a reasonable state of development for this current progr!llll of work. 

Accordingly, an approach vas made to The Motor Industry Research 

Association for the results of a deceleration test carried out 

with oare alld using reasonable instrumentation. 

Nov li.G.S. White of H.I.R.A. bad completed a series of tests 

on a lerge number of vehicles. This series included both wind 

tunnel and deceleration tests and very good agreement VIlS found 

between the two. The data given in Table D.5.4 relates to the 

M.I.R.A. deceleration test on the BIMOA 1000 and the Author is 

indebted to Mr. White and M.I.R.A. for this information. 

Table D.5.4 quotes the vehiole speed at 2 second intervale 

for two runs. The results for the first run given are for a 
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bigh speed to a modium speed. The second. set g1 ven . relates . 

to the medium to slav speed range. Some pbas1ng therofore is 

necess!l1'7. to obtain a siDgl.e graph. This phasing is· best done. 

by plotting a graph, see Fig. D.5.2. The Djoin" ls betwen 15 

and IS eeconds. 

othlBl' information given by Mr. White includes the vehicle 

weiebt, projected .frontal area, ambient conditiollS on the dq of 

the test and the measured aerodynamio drag coefficient of the 

SIMCA 1000 in the full scale wind tunnel of 0.408. 

Using tbe M.I.R.A. data in conjunction \-11th program B032 

resulte in TableD.5.5. This gives On = 0.4052, whioh agrees 

very elosely vith the wind tunnal result. Tha rolUng resistance 

.from the deceleration test oi' Ad = 0.0219 seemed a littlE> bigb 

for cross ply tyres until, checking back ulth M.I.R.A., it was 

learned that the deceleration test WIlS conducted on tbe 0ne-m11e 

straigbt whicb has a slight gradient. The results given refer to 

the test in the up.bill direction, hence tbe rolling resietance 

figure quoted •. ineludes this slight grad1fJnt. The rolling 

resistance coefficient obtained by I<I.I.R.A. was Ad = 0.02055. 

The column of error figures. for the sixth order polynomial 

curve .fit to tbe test data shows very little error in the fit 

except perbapaat 15.2 and 17.2 seconds. That is at the njoin" 

referred to abow. The indication here is th!lt the Ujoibll could 

be better. 

:1.62. 



Tbe o.erodynamio drag coefficient giVIID ln Table D.S.S for 

the cond1t1on when Bd~ 0 ls !lOt real17 relevant, slnce the Bd 

coefficient includes both aeroqynamio and rolling resistance 

effects. The comparison with wind tunnel. work IIII1Bt be made with 

the Bd = 0 results. 

The "Check on Accuracy of Results" figures show the test 

itself and the reductlon of the results to be accurate and that 

the drag coefficients may be quoted with confidence. Once IgIl1n 

however, the "joln" between the t101O sets of resulte 10 shown up. 

This feature of the program is important. ArI:! errors in tile 

lnitial handling of tlJ.e data become apparent in the reduction 

using the program. Bad this data been reduced by baOO, the 

small error ln the joln of these two curves \lOuld not have been 

noticed. Consequent17, tile resulting drag coefficients could !lOt 

have been quoted with the same confidence. 

Table D.S.S 101Ould suggest that the dr!lg expresaion involving 

three non-zero coefficients, that is Ad, Bd and K, is more 

accurate than the drag expression uslng Ad and K only. This 

means that the drag of a vehicle ls lIOt composed only 01' a 

constant rolling resistance term and an aerodynamio drag term 

proportional to v2. The situatlon is more complex. As vehiole 

performance calculatlons become more exact, account wili have to 

be taken of not only the V term, oo.t the V3, v4, vS eto. terms 

also, since those terms undoubtedl1 exist. 



The deoeleration test. therefore. 1s capable of )'1eld1ng the 

toto.l drag of a whicle and not just one particular coeffic1ent. 

The totiU. drag that 111. except for the OOlIIJOnem. or the tyre 

roll1ng"" rss1stanoe due to the torque level translll1tted through 

the wheels. This !)OllIpIIDent mq be supplied by the tyre manuf'acturer 

and added 1D eeparatel7. 



BEC'J.'IOH D6. 

Concllldt ng relllB.l'ka on the !lM!!Ul'ement of' drag 

A small scale wind tUlllllll can be usef'ul in establishing the 

aerodynamio drag coef'ficient of' a vehicle. The IIlI1n dlff'1culty is 

the correct siliDllation of' vehicle shape, particularly the cooling 

system and the underside of the vehicle. An accurate model of a 

vehicle howevel' mq cost as meb as the acqa1sition of the 

production vohicle itself. SUch a facility therefore, mq be used 

to good advantage in prototype work. 

The f'ull scale wind tunnel at the Motor Industry Research 

Association will afford an accurate indication of the aerodynamio 

drag coefficient of a vehiole. rihtm dealing uith the vehicle 

itself, rather than a model, the bllilt-in chassis ClyiulllOlteter ia' 

an added attraction. The m:lin disadvantages are the cost of hiring 

this f'ac1Uty and the small error due to the lack of a moving 

ground plane. 

The tyre cbllracteristlclI, and henoe the rolling resistance of' 

the vabicle, ore available from the tyre manufacturers aDd mq be 

expl"essed as a .function of inflation preosure, tyre temperature, 

torque transmitted, atc. 

If the above facilities are not available, or if their cost 

is probib1t1vo, the simple deceloro.tioD ten is capable of affording 

the fUll drag characteristios of the vehicle. That is both the 

aerbd7~o drag and the rolliDg resistance of the tyros. In 

connection with the latter, it is not necssst117 to assume this 
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to be a constl1l1t term. the deceleration test 10 capable of 

g1ving the fI1ll t;vre resistl1l1ce. less that due to the torque 

level 1n the' t;vre. Again, this torque level component CI1l1 be 

supplied by tho tyre mamfacturcr 8JId added on separatelJr. 

The main disadvantages 1n using the deceleration teat are 

climatic colld1t1ona on ths cl~ of the test. particulorlJr w1.DiI 

speed. and the largs l1IIlount of work involved in extract1ng the 

drag coeff1cients from the test data. Both these points are 

answered to a very large extent by the use 01' the ci1g1tcl. computer 

program 0032. It 1s not necessary to handle the vebiole speed 

against time data nt all from the dOCf'lerat10n test except to 

punch 1t onto cards. Program BO.J2 caters for 0. small wind epeed 

on the d~ of the test provided toot it is measured dur1ns the 

test and 1s at a small angle only to the direction or the vehicle. 

This oxtends considerablJr the num~ of days during the year 

suitable for conduct1ng a dccelerat10n test. 

The posit1ve attractions in using B032 are that a cheek is 

made automaticallJr of the accuracy of tho reduction aDd of the 

test iteelf. and that two sets of drag coefficients are given 

depondent upon upon \lhether Bd is considered non-zero or zero. 



The 1nt.eraction of the tyre pressure and t.emperature on rolUng 

resistance is to a large extent, nccomodoted 1n the dalleleration 

test. This is DOt the caoe with t.he rolling resistance obtained 

from separat.e tyre rig tests. 

The deceleration test, together with the dat.a reduotlon pro~edure 

developed in Part D, may be used to aDsees vsll101e speed 1D1ltrumentation, 

sinc9 the resulting drag coefficients form the basis of e~ asseos~ent 

of accuracy and repentabil1t.y. 

The lit.tle application or t.he teoluJ1que conducted t.o date sug{!est.a 

that accurucy of the drag expression could be icproved by the con

sideration of other, bigher order, teres in the polynomial. 

t.67 



r 

l_l 

, 



us 

PARi' E 

Fuel Consumption 



SECTION El 

Introduot1on 

There are a IlIlIIIber of' approaches to the estimation of the fUel 

consumption of a proposed dea1gn of' motor vehicle. The first, used 

by Fourquet (62), is to calculate the fUel consumption of a vehicle, 

during a 1Ull throttle acceleration run. There appears to be little 

merit in this exercise however, other than in the investigation of' 

fUel collSUlllpt1on during vehicle acceleration. The results obtained 

have Uttle meaning during IIOrmal vehicle usage sillCe, if a driver 

selects fUll power from the engine, he ie s~ng that he requires a 

high vehicle acceleration and that fUel consumption is second817. If 

he requires a low fUel collSUlllPtion, the tecbJi1que he must follow 111 to 

maintain a ateady, low, vehicie speed. In f'airness -to Fourquat, it 

should be stated that his paper (62) is devoted lllrgely to the tocbJi1que 

of using an analogue computer in vehicle performance oalculations. 

He does little with the results he obtains. 

The second approach is to deocr1be a typical route or journey 

(79) (75) and'to estimate the fUel conswned. From this the expected 

average fuel consumption in 1II11ea per ga1i.on of' the projected vehicle 

design may be obtained. It is understandable that this technique should 

be of interest to a vehicle mamfaaturer. His interest, during the 

development phase of a new vehicle, IlI1St centre on the fuel consumption 

which will be returned by the customer. Hence the tndoal test route 



and the basing of design C}Ilcalations on this test route. eorn.ll. 

(57) has po1nted out however, that routes are chong1.ng. Road 

vehicles are spending more time on motorv~s (trSfilllya). This 

leads to longer trips, higher speeds and nearer steacl1 state driving. 

It is dift1calt therefore, to describe a test route which represents 

fsirly the jourllll7 behaviour of a typical driver. Further, as has 

been pointed out by Fcrster (48), the tuel consumption of a vehicle 

is affected greatly by the manner in which it is driven. Schettler 

and Niepoth (56) have shown that the "varm1ng-upD period in the 

operation of a vehicle haJl a devastbting effect on fuel consumption. 

The third, and more fundamental. approach should be adopted. 

That of cstimating the tual consumption of El vehicle when running 

at a steady speed. This then enables a more fundamental study to be 

made of the effects of engine type and sise, gearing, drag etc. The 

effects of transients, such as an acceleration to overtake another 

vehicle, the warming up period etc., III8T be added onto tbe results 

of a stendy-stnte study later. Alw~s asB11lll1ng that the effects of 

these transients are known accurately. 

So III!ll\1 factors can effect the tual consumed during a transient. 

Factors :;;ucll as carblretter design on a petrol engine, design of 

manifold, temperature of manifold eto. The current interest in 

exhaust pollution has highlighted this point and efforts have been 

l:l8de to reduoe the tuel consumed during an acceleration by better 

carOOrlltion. 
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A steady-state match study theretore between the engine aJI4 

• 
the vehicle should be the a1II. This ~ be verified by accurately 

. 
conducted steady state road tests on the vehicle. Further, a i'Ull. 

, , 
parametrio study is possible tor the lJeaigner to enable him to 

obtain the best design possible. Lastly, steady-state knovledge 

at fuel consumption sets a convenient oorm vh1ch can be used to 

assess the ~ and varied transient conditions. 

A mmber at techniques are available tor the msasurement of 

fuel consumption during a road test. For strictly steady-state 

meaSUl'ements, the "petrometaU matII1i'actured by M.G.A. Industries Ltd. 

is suitable. This is a displacement type of instrument mounted in 

the fuel line which gives an electrical signal every time a measured 

quantity (s~ 1/250 pint) at fuel is passed. This signal. is used 

to operate a counter in the vehicle. There are more sophisticated 

versions of this technique aimed at coping with the fuel consumed 

during aoceleration runs. Suoh devioes rely on a very small meaSUl'ed 

quantity of fuel per eleotrioal signal in order to reduce the error 

of measurement. The reader is referred to a Russian paper (51) the 

Fiat system (96) and a S.A.E. paper by Sturm (76). The intermittent 

operation of the lift pump on both a petrol and a compression ignition 

engine makes the meaSUl'ement of the true instantaneous flail rate of 

fuel difficult. 

Part E at this thesis theretore desoribes hov a match study 

should be ~nducted, the efteots of a poor match, a fUndamental study 

,.." 



of the different eng:I ne types partiaularl,y petrol BDd compression 

19D1tlon (66) the effect ot .ne size 8lId tlllBll,y, the result ot 

a parametric s~. 
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SECTION E 2 

Match between eng1ne aDd vebicle 

The usual wa,y o~ stud;y1ng the match betveen t\/O connected 

components is to combine t)le characteristics of both iota one graph. 

A match study between an engine and a vehicle is 110 exception. The 

characteristics of the vebicle are made up from the drng data and the 

gear ratios. The ang1ne characteristics met give data on outPlt in 

conjunction with efficiency data throughout the eJJg1ne speed range 

from 1011 load to fUll load. 

There are t\/O parameters in use to assess eJJg1ne efficiency. 

These are the brake thermal efficiency and the brake specifio hel 

consumption (rigourous definitions are given by the Author elsewhere 

(1». Of the two, the brake speoif1c hel consumption, or s.f.c., 

is preferable siDee it relates the fIlel consumed and the pover outPlt 

directly without inwlving the calorific value of the fIlel or other 

constants. The most fUndamental outPlt parameter of nil eJJg1ne is its 

torque or brake mean effective pressure. POller OU~plt is secondCl17 

since it is the product of torque and engine speed. However, the use 

of eJJg1ne power as the outPlt parameter is preferred to the use of 

torque or brake mean effective pressure since, on matching an eJJg1ne 

to a vehicle, the power throughout the transmission system stays 

substantially constant, faotored only by the transmission efficiency. 

The torque however is affected by gear ratios. Also, the thermal 

effio1ency, whether expressed es brake thermal efficiency or brake 
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specifio fUel. consumption, is expressed in tems of the eDg1ne power 

outptlt. 

The ,aine characterlstlos, comprising power, speed, efficicnoy 

data throughout the load rallg8 !!In;y be arrallged in a 1lWIlbar of wa;ys. 

A plot of s.f.o. against power for different ell81ne spoeds Iula been 

used (65) (69). FiB. E2.1 shows such a plot for the Cllo.,jna IlH-250 

comprescion ignition eng1ne taken from Joyrsr (65). This plot fllVOUl'S 

a close, fUndamontal, stud;y of the eDg1ne only aince it is made up 

from, am related closely to, the eDB1ne consumption loops (se9 Seotion 

Et. and Ref. (1». Hence the influence of the intBke system IlILlY be 

seen \11th clarity. A better f01"l:l of exprtIssillg the ene1ns oharc.oter1stios 

for matohing purposes is shown in Fig. E2.2. This is a plot of engine 

brBke horsepower, corrected for ambient oonditions, against engine 

speed for different load settillgs. Superimposed onto this plot are . . . 
lines of constant brclte specific fUel coDSW:Iption. 

The abscissa is tho usual engine performance independent variable, 

speed, and the ordinate ms the powor output. Those two quantities 

are rolated directly to the power absorbed versus vehiole speed 

characteristio of tho vehiole. 

Fig. 82.2 iD composGd by conhinlna two separate engine 

charaoteristics. Tho first is a plot of the power versus speed lines 

for constant throttle opening and tho second cono1sts of 11 plot of 

s.f.o. and engine speed for the same constant throttle angles. Those 

plots are shown as Figs. E.2.3 and E2.4 respectively. Tho prooedure 

forco!Jhining those tuo plots is to draw a horizontal line on Fig. 8.2.4 



representiDg a constant s.t.o. ot, say O.SO lb/(bhp h). Read off 

the correspond1.l:rg engine speeds aD1 throttle angles aDd to cross 

plot these data onto Fig. 82.3., Repeat tor other ,Unes of constant 

s.t.c. and so tOl'lll Fig. 82.2. 

It should be mentioned here that the use ot throttle angle is 

IlOt tho best parameter to represent load. It is shown belov that, 

tor 8 petrol eng1ne, inlet manifold depression ls .to be pretered. 

The point is ot Uttle importance in discussing tbe technique ot 

comucting 8 match, partlculll1'~ since Unes ot coastant inlet manitold 

depression are best obtained bJ' holding the throttle angle constant 

aDd measuring tho depression and then cross-plotting the results to 

obtain the Unes ot constant manitold depression. The techn1que ot 

expressing the match is IlOt altered in character bJ' omitting this step. 

The vehicle is described bJ' a plot ot the pover required at the 

roed weals to propel the vehicle at constant speecS agsillSt vehicle 

speed. Tbe power required Is obtsined from 

required horsepover = FdxVxH 

550 

where V represents vehicle speed mile/h. 

-E2.l 

The vehicle drag force being described in Section B3 ot th1e 

thesis. 
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Table 152.1 shows how the vehicle characteristic Is factored 

by the transmission efficiency (see Section B4) IUId the overall 

gear ratio to relate to conditions at the eJJglne flywheel. Hence 

Fig. E2.5 ~ be formed, be11l8 a combination 01' the full eng1JJe 

characteristics, both power and thermal efficiency, and the vebicle 

characteristics. Fig. 152.5 therefore describes f'Ully the steaqy state 

operation 01' the engina IUId vehicle combination. 

A study 01' Fig. 152.5 sbove immediately the degree 01' undergear11l8, 

as defined in Section BlO. 11' tile load Une crosses the f'Ull throttle 

engine power curve at the maximum brake horsepower speed 01' the engine 

the degree 01' UIldergearl1l8 Is said to be unity. 

The vertical distance between points A and B on Fig. E2.5 

represents the poller available for acceleration. This shove that 

undergeariDg i!lcreases considerably the power available for acceleration 

for El particular gear number. 

The load Una In relation to the Unes of conetant s.f.c. lines 

shove the efficiency of the combination. Fi!J. E2.5 reprosents a III!ltch 

study of vehicle A (the 7 M. van) IUId the load Une corresponds to 

a vehicle weight of 2128 Ib1' running on a l~ road vith zero vind 

speed. 

Table E2.2 traces out the 1rrt.ermed1ate calculat10D8 from Fig. 1>2.5 

1n order to obtain the steady state ~el. consumption (mile/gallon) 

against vehicle speed show in Fig. E2.6. The irrt.ermedlate calculations , ' . 



require the specifio gravity (or density) of·the fuel during the 

eng1ntl teat. The fuel was petrol of specifio gravity O.711J. It 

is perhaps wrth ceutioning here that had the s.f.o. been, expressed 

as volume flow rate per b.h.p., instead of mass flow rate per b.h.p. , , 

it would not be necesBS17 to use the specifio gravity figure. 
, ' 

fig. E2.6 sugg~ts. that there is a maxiFlllm economy operating 

point at a low vehicle speed when running in top gear. The trend of 

the curve (the fI1ll Une in Fig. E2.6) shows the fuel consumption to " . 

increase markedly with vehicle speed. 

Superimposed onto Fig • .1!02.6 (the dotted Una) is the measured 

fuel consumption of vehicle A ae reported by "The AutocarU (11) when 

tosting the Estate version of Vehicle A of the same weight of 212B lbf. 

As mentioned previously, these vehicles are of ~deutical spsoifioation 

except for the shape of the rear end. 

The difference highlights the main veskness in a match study. 

In order to defiDd the shape of a oonstant specific fUel cQns11l!1ption 

Une with reasonable accuraoy, a large rpunber ,of ~ngine test readings 

must be taken. Also, in cros~ plotting the s.f.c. figures, some 

extrapolation is necess!U7. Such errors however, are usually small 

scale am the resulting scatter ma.Y be ironed out when plotting the 

fuel consumption curve Fig. E2.6. Not all the difference between the 

measured and oalculated curves in Fig. 152.6 may be attributed to 

errors in the constant specific fuel CQneumption contours. 
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The data for Figs. &2.2, 82.3 and 152.4 vere obtained b:v the 

Author fl'OB an identioal eIJg1ce to the engine ill Vehicle A. The 

eIJg11lS vas ill fIlll. vehicle tr1m with the exoeption.ot the exhaust 

system aid a vgry large amber of readings ware taken. The results 
• 

were reduced us1ng a digital oomputer program ill order to el1m1nate 

arithmetical errors IIlId vere correoted for amhient cond1tions to 

29.S3D Hg pressure and (f;:fJF temperature. 

In view of the errors posaible in def1n1ng the speo1f1o fIlel 

consumption conl:OU1's, it vas decided that the match stud7 should 

al~s be conduoted by llhandll • III pr1nc1ple, it sllould be possible 

to devise e. COJIPlter program to accept the rav engj ne test results IIlId 

to produce the fIlll. engine charaoteristios. SUch e. program wuld have 

to conduot a large II11IIbar of 0Ul'V0 fits and gq be thrown very muoh 

off COUl'se by a single faloe reading or a mis-pw!Ched data card. It vas 

felt that prooessing b7 halld wuld be lII10h more aocurat •• 

Section ES show the effeot on fIlel consumption of changing to 

another gear DWIIber. If bovevar, an 1nf'1n1tely variable ratio 

transm1saion were available aid viable, say o~ the b7drostatic type, 

such that engine speed is oompletely independent of vehicle speed, then 

one wuld vish to oontrol the engine to run on -the optimum oontrol lillSlI 

shown "dashedll in Fig. E2.S. T~s gives the minimum fUel ooIlSUllption 

for !lI\7' particular pover demaIld of the ve~ole. Should one vish a high 

aooeleration, the control oould be erranged to run the engine at its 

ma""nmm brake horsepower speed so affording the greatest posaible 



povar available for IlCceleration. MaI\Y IlUch infinitely variable 

trazlsm1ss1on des1gns have been iuvestignted or are WIder development 

(39), (40), (61), (82), (87), (88), (91), (92). Most IlIlffer from a 

pooi mecluin1cal . ettio1ellC1,lIDiseaDd high initial cost. Nevertheless 

Fig. E2.5 shove the incentive for the development of n suitable 

design. 

The expected gain in iUel economy, asGl1!!l1ng a transmission 

etficiellC1 for the ideal transmission to be identical to that ot 

the mamJal gearbox outlined in Section B4, is shown by the ndashsdn 

line in Fig. E2.6. The intermediate calculations are given in Table 

&2.2, Fig. E2.6 shows a significant gain in fUel ecoDOIlIi' at low 

speed, Th1l1!J gain d1m1nishe:S as vehicle speed is increased since the 

power required approaches the maximnm power of the engine. 

It is mentioned earlier in this section that the engine 

characteristics of a match study should be expressed as lines of 

constant inlet manifold depreSSion for a petrol engine, rather than 

as lines of constant throttle angle as in Fig, E2.5. There are two 

main reasons for this. The first is that a practiool infinitely 

varieble transmission control would almost certainly employ inlet 

manifold depression for a speed-load parameter. The secoM reason 

is that the "charge-weightn law (1) suggests a linear relationship 

betveen .a1r mass flow rate into the engine and inlet manifold pressure. 

Hence the power output of an engine ohould have a linear relationship 

vith inlet manifold pressure (1). Thio simplifies the design of the 

control system considerably. 



E 

Fig. E2.5 emphasizes that, lt a w1de eng1.ne speed range ls 

required dur1118 operat1on, as exists in veb1cles, a fUll match s~ 

between engine end vehiole ls deslrable 1n order to studT the 

etfec1ency ot the engine - vehicle COIIbinatlon. It ls meaD1IlileS8 

to quote such engine performance figures as lJarlnmm brake boreepower 

end minimum spec1t1c 1Uel. consumption-The performam!! ot the 

combination 1s the criterion and only a match st~ can predict tb1s. 
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SlWl'ION E3 

Conversion of Teroue - speed to Powr - OtlEled Em:! m Cbaracteristics 

The eDg1ne reports issued by The Motor IIldustrf Research 

Association are an atnMant source of eng1ne characteristio data. 

MoloBoA. test and report upon a large I!Ulllber of eng1nes of fore1.gb 

mamfactvef. Tbe eng1ne types are not restricted to petrol and 

cOlllpression ignition. Special ellgines, such as the IloSoU. Wankel 

rotary engine, are tested. These ellgine reports are wry detaUed 

in that tbe;y contain inf.'ormation on the materials used tor the engine 

components, assembly data, pecul1ar1ties and special features. 

Also included in each report is a graph giving the fUll, measured 

engine characterietics. 

Unf.'ortunatel¥, these characteristios are presented as a graph 

ot the CIOre fUndamental output parameter, torque against engina speed, 

vith lines of constant s.t.c. rather than engine power as advocated 

in Section E2 and shown in Fig. E2.2. The test reports OD compression 

ignition engines use brake mean etrective pressure as the ordinate. 

This is directly proportional to torque output and of more interest 

to compression igDition engine workers. 

Fig. E3.l depicts a typioal M.loBoAo eng1ne characteristio for 

the Peugeot 404 of ellgine torque plotted agsinst SIl8ine speed vith 

lines of constant specifio fUel consumption. Also shown are lines 

of constant throttle angles. It is by no means apparent just where 
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theBopt1mul!l control Una- ~., Fig. E3.2 show the same 

oharaater1stios with Unes of constant power super1mposed and 

the optimum control Une ek~ched through the po1nts of miD1mm 

s.f.o. on each constant power line. 

In order to sketoh the opt1mw!l control Una onto the M.I.B,A. 

graphs to fac1l1tate a~s1s, two approaohes are possible. 

1) . Sketch Unes of constant pressure directl¥ 

onto the M.I.R.A. graphs as shovn in Fig. E3.2 

2) Replot the M.I.R.A. graph with corrected engine 

power as ordinate. 

Of the two. the second approach is likel¥ to be of more use 

in an engine-vehicle match stud;y. wt 1s Ukel¥ also to involve 

more labour. 

Both app-oBches havo b0en studied. Approach 1) oan be made 

ven:y easy by the mamf'acturer of the drawing cid shown in Fig. E3.3. 

This has been designed to help in the sketching of a ~erbola and 

BO afford Unes of constant power us1ng the expression 

Torque = Power 

rotational Sp8ed 

The instrument. has not been mruJUfactured since attention was 

fooussed on the second approach. It is felt thnt 1t should be possible 

to improve this design considerablJr in order to provide a captive 
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. . 
penc1l which sketches out the curve on moving anothe suitable 

control. l'Ilther than having to move the control through discrete 

distances before 1Il!l1'ld.ng the graph with a pencil point. A 3bort 

analysis 01' the design of this instrument is given 1n Appendix XL • 
. . . . 

In order to reduoe the cons1derable IIlIIOWI!; of labour 1nvolved 

1n converting a plot of torque (or b.m.e.p). against apiled to pover 

against speed. 1t was decided to use the graph plotter fac1l1t;y of 

the Loughborough I.C.L. 1905 digital compIter. Program Bl84. 

listed 1n Appezrl1x 82. vas prepared to tb1s em. Tb1s progrlllll 111 

fed first with a DIJIlIber of torque (or b.m.e.p.) and speed po1nts 

aloJlg the full throttle (or rack) l.1ne and then with torque-speed 

points around the constant s.f.o, l.1nas. The program converts the 

torque (or b.m.e.p.) figures to power figures and re-plob eaoh 

CU1'V8. Eaoh curve produoed by the graph plotter is lIWllberod co~ 

secutively and so ~ be identified by the lina pr1nter print-out. 

An example of a portion of this print-out 1s given 1n Table 83.1 

. for the Peugeot 404. Tb1s gi vas the pover-speed figureo used b;y the 

graph plotter and the specifio fUel consumption figure for the curve 

or the information that the curve is the full throttle line (curve 1). 

Appsndix E3 oontains a rmmber of converted engine charooterist1cs. 
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SECTION AA 

hxpe of En.., ne 

1) Rlltrol and collprell,uon ignitiop 

A study of the characteristics g1 ven 1n Appendix E3 reveals 

a 1"u.ndamental differenoe between the curves of a petrol engine compared 

with those of Q compreBs'.on 19nition engine. The optilmlll control 

Une ot the petrol engine Ues very IIDlch closer to the rull throttle 

Une and the s.f.c. contours present a steeper face on both s1des of 

tbo opt1mwD control Une. 

This reflects the ros1c d1fference between the two engine types, 

ns explained elsewhers by the Author (1). The petrol engine, 1n 1ts 

present form, mst be throttled 1n order to control the load. Fig. 

E4.1 ehows the typical consumpt10n loop of a petrol eng1ne 1n which 

the engine 1s run at a constant speed Wld the mixture stran..,<>th varied 

from very rich (point A) to very weak (point B). At point B the 

mixture strell/Ith 1s such that the rnanmum power or torque outplt 1s 

obtained, whereas at D the minimwn fuel consumption is returned. 

Point C in between represents stoichiometric eon;itiom. At po1nt E 

the mixture streDgth 1s so weak, and the flame speed so low that 

a flame is 1n evidence throughout the pouer etroke and the ensu;thg' 

exiL'luat stroke. On opening the iDlet valve for the induction stroke, 

the new eharge is Ut by the flame and tho oharacteristic "spitt1ng 

baokD 1nto the carblretter 1s experienced. 



It should be noted however, that the power returned at point 

E is still some 8~ of the lIB][hnIIB possible. Hence it ls ilIIposs1ble 

to control the conventlonal petrol eJJg1ne by mixture qual1t;v ne with 

the compression ignition engine. As the fuel intake is reduced to 

catar for a low load, the a1r flow rate mnst be reduced also to 

maintain a near stoichiometrio, and hence a near constant fuel/a1r 

ratio. The a1r intake therefore, mnst be throttled. 

It has been shown by tbe Author (1) that throttl11l8 tbe intake 

to an engine results in a higb loss to the coolant at law load. The 

temperature of tbe charge around the engine c;yole rema1ns of 

substantially tbe same form and magnitude, irrespective of load. 

This is a result of tbe near stoichiometric fuel/air ratio. Hence 

the heat flow rate to ooolant is substantially constllDt and, at low 

load, represents a higb proportion of the energy intake to tbe engine. 

The s.f.o. of the petrol engine, tberefore, rises rapidly as load is 

removed. 

Fig. 84.2 shows 11 sdee of oonsumption loops throughout the 

load range of a petrol engine, all at tbe same constant speed. A 

oerblretter is usuall;v designed to follow as closely as possible the 

minima 1n the curves in order to produce the lowest part load s.f.o. 

and to rioben at full throttle in ordar to give the maximum torque 

outplt. Tbe "dashedD l1ne of Fig. u..2. 



The poor part load efficienay can be reflected 1n tile petrol 

e.og:lne charactar1st1cs sbcnm ln Fig. 82.2 by the s.f.c. values along 
, , , 

a vertical 11ne repreaenting a constant engine speed. Start1r:ll froll 

t.he full throttle line, the s.f.o! values ra~ pass tbrougb a 

min1mum (opt1mum control line) and then rise as the load is removed,. 

This is the condltion shown by the IIdashed l 11ne ln Fig. E4.2. 

The air intake of a compression 19n1t1on eng1nG ls DOt throttled 

(In general) and the load of the engine ls controlled by fUel/air 

ratio. At 11ght load, therefore, the mixture strength is veak and 

the oycle temperature pattern shows lover temperatures. The energy 

loss to coolant therefore, is considerably less than that for the 

petrol engine at 11ght loads. The dotted 11ne ln Fig. E4t2 shows 

the measured consumption loop of El compression igD1tlon eDgine. For 

the 'purposes of comparison, both the petrol and the compression 

19nitlon engine were run at their respectlve maxhElIm t.orque speeds. 

The consumptlon loop ot' the compresa1on ignition engine is 

appreciably lover at full load, reflectlng the higher compression 

ratio of the compresa1on 19nition engine (16.1, IUI opposed to the 

very low value of 40711 for the petrol engine). Hovever, the efficiency 

of the compresB1on 19nition engine lltays high as load is removed. 

Again, this can be seen in IlllY of the compression ignition 

eng1Be characteristics ln Appendix 13 by drawing ln a vertical line 

representing a constant engine speed. Tbe s.f.o. values change 
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little along the Una aDd ths m1111im1 (Optilllllll control UIIII) is 

Dome way from the fUll rack Une. 

Tba opt.1mulI control Une of tha compression icnition engine 

therefore, ie IIlIlch nearer the load line then is the case with the 

petrol en,g1ne. Also, the part load thermal e1'i'ic1ency of thfl 

compreaaion ignition eDgine is t\pprec1a~ higher. Vehicles 

geooroll,y sp3Dd the oojority of their workiJlg Uves rlUlJl1ng at 

part load. Hence the ei:tabUsbnezrt, of the compressiOll igll1tioD 

engine in the co:llGlerc1al vehicle field. The use of this engine 

would be very much \;1der if othar probl9l!lS, such 88 noiss, G!Dsll, 

veight, initial cost could be overcoms (66). 

An obvious conclusion to draw from this stlUlY is that encourage

ment should be given to research aDd development of the estrati/fied , 
chargee eJlgine. This is a petrol eD.31ne in which the load is 

controlled by mixture quallty, as in the compression ignition 

engine. The charge in the ooal:a1stion chnllber is 8lTanged to be 

heterogeneous, baing rich in t'.1el in that part of tile chamber were 

combustion is initiated and veak elseuhere. This concll101on mu.st be 

eDdorsec1 also from considerations of exhaust pollution. 11" 

etratisfiel charge eJJg1ne is of considerable bonefit in reducing 

the DOx1oas components in :ill engine exhaust (99). 

Another fruitfUl Une 01' otudy !!lUst be into the control of 

b,ydrostatic trunsm1aaions (91), (92) and tllelr develop!!!eDt. 

,-



The rotary engine is epitomililed by the N.S.O. Wankel engine. 

The characteristics of the N.S.O. KKM 502 engine, as fitted in tile 

n.s.u. aSpider tl sports C!I1", ere sb.ow as Fig. A.E.3.4 in Appendix 

E3. Superimposed onto Fig. A.E.3.4 is tile DOrmal load Une of the 

Spider taken from Fig. 7 of a paper by Dr. lUG. W Frode (100). 

Fig. A.E.3.4 sllow tllo Spider to be of neutral gearing (degree of 

umergearing = 1). 

The overall top gear ratio of tile Spider is 16.0 mile/h per 

1000 rev/min engine speed (103) !living a mnx4mllm veb.1ole speed 

calculated from Fig. A.E.3.4 of 92.7 mile/Il. Tb.1s agrees well with 

the 92 mile/b. meeBUl'ed by Autocar (103). 

Fig. 8403 sllow tbe f'U01 colISWDption of tbe Spider, as 

measured by AutoC!l1" (103), in conjunction with the calculated fUal 

consumption using Fig. A.E.3.4. The specific gravity of the petrol 

we assumed to be 0.71JJ. Again, tile agreement is very good, engend

ering confidence in tbe match plot. 

The fuel consumption of tbe Spider is DOt good for a amell 

sports car. Fig. A.E.3.4 shows tbe characteristics of tbe N.S.U. 

Wankel engine to be ver'1 B1m1ler to tllose of a petrol engine. Tb.1s 

ie to be expected, since tbe intake of tbe rotar;y engine is throttled, 

just as on a conventionsl petrol engine. If aI\,Vtb.1ng, the opt1mllm 

control Une of the KKM 502 is even nearer the fUll tbrottle power 

Une then most petrol engines. Also, the general level of the specifio 
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fuel. consumption figures is slightly higher. In conclusion, 

therefore, it may be said that the engine oharacteristics of 

the N.S.U. Wankel ere those of 8 slightly inferior petrol engine. 



3) The (lee Tprb11!! 

Some d1ff1calty was experienced ln obts1n1ng the characteristios 

of a gas turbi.nl!l engjne unt1l "The Automob1lsEng1JlBeZ'a (101) 

pnbl1shed an artlole on the Leyland 2S/3SO/R. Fig. 84.4 is a coW 

of a graph from this artlcle. It ls posslble to obtain the engine 

oharacteristics in the required form (see Fig. E2.2) by IlOtlngspeed 

and b.h.p. data alo:ng a particUlar fuel flow rate line ·on Fig. E4.4-

The specific fuel consumption figures ma;r be obtained from these data. 

Table E4.l outUnes the arithmetic and the steps taken. Then; plotting 

the s.t.c. figures against ellgine speed for constant fuel flow rat ss. 

as shown ln Fig • .l$J..5, taciUtates ths cross-plotting to obtain the 

required torm, Fig. E4.6. Shown also on Fig. E4.6 ls the 1000 Une 

tor a typical 38 ton truck (not the Leyland truck, s1.nce the drag 

t1gures vere not available at the time of wrlting). 

The most striking teature ot fig. E4.6 ls the close proxim1ty 

between the load Une and the optimum control Une. The two Unes 

are colncident for all tut the very low output sbaft speed range. 

This emphasizes the tolly in assessing an engine tor a partlcalar 

duty by means other than a full match s~udy. A cursory study of 

the thermal efficlenqy along the "fUll throttlen line would show 

that between full speed and helf engine speed the s.f.o. is less than 

0.500 lb/(bhp h) and that below half ellgine speed, the thermal 

efficiency drops rapidly. However, a full match study show that, 
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for leyel road 1'IlfIII11l8. the efficiency at the match is quite good 

even dow to a very low output. shaf't speed. A charac:ter1st1o 8lld 

redeem1Dg feature of. the gas turbill8 eng2,ne 1s therefore, tohe 

position of the optimum control Une. 

The optiI!Dlm cont:rol Une of a free power turbine macbine must 

take a path through the maxima of the power CI1rV8S. Ideally, suoh , , 

an e~ is a "constant pover- machine. Vor a constant gas generator 
.' I , • •• 

shaft speed, the air mass flow rate through tohe engino is substantially 

constant. It follows therefore, that the pover input to the free . , , 

power, t';U"~ne is constant under such conditions, irrespective of 

power turbine speed. The output torque therefore, should ideally, . .) . 

approach 1D1'1nity ~EJ the, speed ot the tree power turbine is reduced. 

A turbine with fixed geometry bladill8 is capable of operat1ll8 , 
efficiently over a narrow speed range only. The optimum spesd is 

• 

• 

designed to be about 80~ of the max1.mum speed possible of the turbine 

in order to obtain as wide a speed range as possible at bigh effio:1ency. 

At low speed, therefore, (less than i maximum speed) the efficiency 

falls off rap1~ to sero at turbine stoll! 

The pover output curve tllerefore, inetead of returning constant 

power output, followlI tile shape of the efficiency curve. The maximum 

in a power curve, therefore, coincides with the max1~ in the 

~ppropriate efficiency curve. 

Fig. E/ .. 4 allows U;nes at constant fuel consumption, rather tllan 

Unes of constant gas generator speed. The original figure in 



"AutomobUe E!lg1neerD bowevw makes it clear that the tuel. tlov 

rate and the speed of the gaa generator are geared together since 

th~ fuel flow rate has a ·scheduling colltrola• A fuel flov rate 

of 139' lb/h represents lOO:C compressor speed, 117 lb/h represents 

9~. S1I:dlsr~, the other fuGl flow rates shown in Figs. E4.4, 

84.S and E4.6 represep.t 90';1, ~, 7f1J" so.& IUldOidle compresBOl' 

opeeds respect.1 'Vely. 

The torque outprt. of the tree power turb1ne machine tharefore, 

riseo to 2 or 3 t1Detl its full speed torque at stall speed when 

running at the mazSmnm allovable gas generator speed. A desirable 

festure in the power unit of a vah1cle. 

The extent to vb1ch the position of the power curve max1ma 

move towrdo the lover output speed range as the gas generator speed 

io reduced is related clos~ to a separate match study of the 

components compris1JJg the engine. By ~ carefUl attention to the 

characteristios of the engine components and the ~ they are matched 

together, it is possible to make the 10lld Une and the opt1mwn control 

Una co1nc1de. This means therefore, that the engine designer should 

haw the drag coeffic1ents and fUll details of the vehicle when he 

designs the eng1ne. Such a component match study must he COMuoted 

~ in order to ensure that the compressor v1ll IlOt 1'Un into surge 

dur1rlg operation. This cannot be left to ohance, since the surge 

Une on the compressor characteriatioa Ues close to the locus of 



mall'fn"lm 1sentropic etfic1eI!CG' at the compressor. Hence, tor EL 

good match, the matoh Una, or the 1Iequ1l1br1um ru.nn1ng Unea nmst 

be qa1te close to the surge l1ne. Appendix E4 outUnes the procedure 

tor the compof).ent match 1n conjunction \11th the load cbare.cter1st1cs. 

In conclusion, theretore, while bench tests show the gas· 

turbine to be 1netf1c1ent at lowoutplt shaft speeds, a i'I1ll I118tcb 

study between engin9 and load show that the true situation 1s rather 

better. Further, there 1s the poss1biUty ot olter1zlg the blade 

angles eto. ot the Gng1ne components in order to obtain the best 

overall match possible. This po1nt 1s worth p1rGU1118 further to 

cons1der the etreet 01' variable turbiJie 1nlet guide vane geometry 

on the overall match, particularly when 1t 1s remembered that the 

outpnt torque curveot the free power turh1Jls maohine 1s excellent 

for Slltomot1ve purposes. 

It would appear from this· short ~sis that the gas turbine 
. ~ 

has EL future 1n the Slltomot1 ve field, part1cularly 11' EL mnall des1gn 

complication can imptoue the thermal effic1ency. The faat that a 

gas turbine 1s a "nmltl-fUel" eng1118 and so can run on a ver'Y wide 

range of fuels, together with the excellent torque curve, must ensure 
. . 

1ts 1ntroduot10n 1nto heavy commerc1ol and, perhaps, m1l1tlll'1 

vehicles •. 



4) Ingrease in end ne power gutput 

An aisting engine ~ be lIOd1fied in order to inCl'ellse the 

&lmri nmm power output by supercharging, turbocharging, tuning of 
, 

inlet arJiJ/or exhaust s1stems or by decreasillg the inlet pressure 

drop by fitting tw Cllrburetters in place of one. It ls of interest 

therefore, to studT the effect of such lIIOd1ficstions upon the matoh 

between the engine and the vehicle. 

Fig. E4.7 show the charaoteristics of the eDgins fitted to 

vehicle A. the staDdard single Solex carburet.ter however being 

replaced by twin c.u. carburetters. This engillfl test vas conductod 

by the Autlllr in his Engine Laboratorf using the BIlIIIEI engine from 

which Fig. E2.2 was prodUced. A comparison between Fig. E4.7 and 

the corresponding single Solex plot, Fig. B2.5, show an increase in 

the maximum eDgiIl8 effio1enD1. Preswnabl1, this is a result of the 

batter m1x1ng IlIld distribution of the twin IIoU. s1stem. Also, tho 

maximum corrected pover output of the eDgine has risen from 34 bhp 

to 39 bhp as 0. result of the lover pressure drop across the inlet 

s1stem. The general shape of the tw sats of characteristios howevor, 

is verf s1m1lar. 

Superimposed om.o Fig. EIt.7 il the same load Une show in 

Fig. Q.5, that of vehicle A in mrmal trim. No alteration has been 

made to the overall top gear ratio. A comparison of the tw match 



studies shows that the Vehicle A has near unit)' degree of under-

gearing with the twin s.u. carburetter engine, whereas it is son 
-, ". 

what overgeared with the standard eDg1ne. This is a direot result 

ot the power increase. 

A eign1t1cant difterence is shown in Fig. E4.8, 11 comparison 

of the stead),-state fUel consumption ot Vehicle· A with the engillll 

in standard trim and with the twin s.u. carburet.tere fitted. It CIID 

boa !Jeep that Vehicle A is better matched to the twin s.u. carburetter 

version of its engine than the staildard single Solex carburetter 

version. The tw curves in Fig. E4.S are both ot calculated fuel 

consumptions, using the two match studies. ·It is of interest to note 

however, that the "opt1mwD colXt.rol UnaD fUel consumption is practicalJ.¥ 

idelXt.ical tor both forms of the engine. The two curves in Fig. E4.S 

empbasize the desirabiUty of coDliucting a match st~ between the 

ell81ne and the vehicle. 

Another way to increase the power output of en engine io b7 

turbo-charging. It io SJEP8cted that legislation will be llXt.roduced 

soon to increase the rnay1I!D!rn allowable gross vehicl& weight ot a 

commercial vehicle from 32 tons to 3S or 45 tons. Thio legislation 

may vell be accompanied by a law governiDg the m1n1mu111 allowable 

power/wsight ot· Q heavy commerciel vehicle. This means that more 

powerfUl engines will be nsceasar)'. It ie possible to acbieve this 

additional power by turbo-chargiDg an existing large e~"ine. 



Figs. E4.9 and 134.10 are the engine character1st1cs of a 

large automotive cocpression 19nition engine,- DOrmally aspirated 

and turbo-charged rcspectively. The material for these figures 

ws auppUed by A. Rowbottoc (104). A compar1son shows at a 

glance that turbo-chargiDg 1ncreases the maxi.mm pOwer output 

substant1ally, from 183 to 230 bhp. A more detailed comparison 1s 

made diff1cult bovever, because the poWer outpIt has 1nereaSed. 

It 1s DOt poso1blo to draw concluo1one v1thout taking Bome account 

of the distortion of the power scale due to the turbo-charging. 

Tll1s problem 1s general 1n e~ne assessment work. GUes 

(61) advocates a "centre of operationn criterion for the assessment 

of the running time of a part1cular transmiss10n. This centre of 

operation 1s the 1nterseotion of a horizontal line on the engine 

characteristio plot represent1ng, say, 5O!i maximum engine power and 

the load Une. This 1dea- oould be mended to form an aSllesament 

of the fuel ecollODtV of the eng1ne and vohicle. 

}1acm111an (92) notes that the torque againet speeld curves of 

on engine v1tb constant throttle llIlgle are approx1mately linear. 

This he uses as a bas1s for the non-d1mane1onal representat10n of 

engine pover. His aim we to produce a relatively simple O1!pression 

representing the engillO 1n order that he I!d.ght analyse a range of 

lIut.omatic transmiss10n ayetm.lS. This too could be extended to form 
t 

a non-dimenBioD/ll engine oharacteristio plot for the purpose of 

comparison. 



Szirtes (105) has· developed B rather Ingenious Index in 

order to aBsess the overall fuel coll5UClption of an engine. He 

notes that a plot of the area enolosed by a specifio fuel collSUl!lpt1on 

contour ls approx1mat~ linear with the specific fUel coDSUllptlon. 

The slope of this plot (tan;) and the Intercez;t (bo ) on the x-axis 

(l.e. the m1n1Jl11lO possible s.f.c.}-are used to form the Index 

pmu• Bp 

taIl + -E4.1 

where Pmax Is tho ooxiwum power of the engine IUld ~ the BDg1ne speed 

at which it occurs. 

This g1 vas a number wbich is said to be 11 cenoure of tho overall 

eff1ciena,y of the engine. It assumss oqual probability of operation 

within B particular s.f.c. contour and honce takos no a~count of the 

load requirooents or of the shape and r~sition of the s.f.o. contours. 

It has beon empheshed in tbis Section,- and sho1o/l1 in the Bl13lysis 

of the gas turbiJlS particularly, that account IllUst be takon of the 

load. Rowbottom cOlDpnred Figs. 84.9 and U.10 simply by loold.ng at 

the curves and concluded that ths opt1mwn control Une of the turbo-

ch!lrgea engi9 vao noorer the man nmm power title and, BS a consequence, 

the additional power bIld been obtained at the exponae of fuel. economy. 

It is not practicable to compare the oteady stats fual economy of the 

engines power1ng a particular vebicle directly, aince the er.gines 

serve different siBes of vehiole. 



Rovbottom'o co!lCl.usion 111 by 110 means obvious troll a casual etuay 

of Figs. C4.9 and E4.10. 

The techniquo emploTed by Prof. }lacm111an is attraoUw in 

that it could cul1mate in a plot of lIO~mensional power versus 

llOn-d1mensionul c!l3ino speec1. Comparison of the oharaotOl'lstios 

of different engines could bo ofi-ooted by laying one plot on top 

of the other and drawing conoluslons from the slope and posj.t1on 

ot the specifio fuel consumption contours. 

To obtain a numerlo!al. assessment ot a match, a st.andard, 1101)-

dimen'Jioml, vehiole Is required. The no entre of optU" .. tJ.oull teohnique 

of GUes could be used as a rough and ready guide, but it io suggested 

that a better approaoh 13 to standardise on n ainple relationship 

between vehicle weight IlIId vehicle projected froDtnl area. A survey 

would Sug600t a typioal relationship. Lot this be 

A = A(w) -E4.2 

It is possible to put a numerical value on a typical drag 

coeffioient Cd and rolUng reoistance coe£t'1cient A(j. The expreSSion 

tor the required power becomes 

required paver = 1 (V.Ac!+ t.P.CD· A(w). v2 x (i,;.)2 ~ ~ V 
1'1 ~ . (15) ) 15,) 
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By epec11)'ing a typical pover/tie1ght ratio for the class 

of vehicle it is possible to calculate the maximum speed of the 

typical vehicle using the mayimum brake horsepower of the engine 

in equation u..3. The transmission effic1enC17 may be assumed to 

be 0.90. From knovledge of the maximum vehicle spt/eel and the 

eDBine speed at mnyimnm brake horsepower, the overall gear ratio 

is calculable by spec1f'11ng unity degree of undergear1ng. Hence, 

the load Uno of a typical vehicle can be 'superimposed onto the 

engine characteristics. 

The two versions of the compression ignition engins in Figo. 

84.9 and E4.10 lIl"e intended for use in large commercial vehicles. 

It is suggested, therefore, that the cab siBe of such vehicles is 

substantially constant. Therefore, the projected frontal' area (A) 

of a typical vehicle for these eDgil1H characteristios IIUQ' be fixed. 

A figure of A = 60 ft2 is suggested. Taldng a power/ve1ght ratio 

of 8 horsepower per ton, Ad = 0.01 and CIl = 0.72 enables the typical 

load Unes to be put on Figs. E.4.9 aud 34.10. 

A stuay of the eDg1ne specifio fUel consumption fisures along 

these typical load lines forms the basis for a DUmBrical comparison. 
, . 

A tentative stucJ,v of these two typical load lines suggests a sUght 

increase in engine effioiency of the turbo-charge .. version at high 

eDgirw speed aDd a sUght decrease at low engj ne speed. 



The comparison t!!chnique is not p"'....rfect, since it depends 

upon ill-defined Ot1P1cal.o parameters. It is felt intu1tatively 

that El simple l'elationsb:l.p exists between vehicle ue1ght and 

projected frontal area, peroops of the fora 

A = k \1+ 0 -E404 

However, this relationship mq be valid for 6 class of vehicles 

onl.;y and perhaps the veb:l.cles of 0119 manuf'aotur6ll' onl.;y vith:l.n that 

class. 

Nevertheless, 0 basis of comparison DOli exists where there 

wae no.DD before. This basis t!lkos account of the load r.qu1rements~ 

an essential. requirement in the assessment oDd comparison of similar 

engines. Also, the basic of col!lpBl'ison proposed is capable ot 

development. It could, for instance, be combined \11th a non-d1menaionel 

technique a1m1lar to that. proposed by Prof. MacllIUlan (92). 
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SECTION E5 

Parametrig StudY 

1) Effept of' vehigle right 

Vehicle A is consi~ first, being representative ot a small 

car powered by a petrol eng1ne. It vas decided to use the tw1n s.u. 

oarblretter version ot its engine f'or pll"poses of' comparison, since 

this results in near unity degree of' undergearing with the staaiard 

load line and standerd overall top gear ratio. A 20,; increase in 

vehigle weight above the stamerd test t1gure of' 2128 Ibf' represents 

two additional passengers plus some luggage. The sort of' addition 

encountered during the hol1d~ period. Also, ~ increase represents 

the sort of' weight peDalty a manuf'acturer could incur it he were 

careless in the design of' his vehicle. 

These two examples represent two separate coIXlitions in the 

investigation of the eff'ect of a 20,; increase in vehicle weight. The 

first suggests that the weight is added to the vehigle with no change 

in overall top geer ratio. Consequently, the vehicle becomes over

geared. The second implies a dif'ferent overall top gear ratio in' order 

to maintain unity degree ot undergear1ng., 

Vehigle A in standard trim, having an engine with the cbaraoter

istios depicted in Fig. E4.7, has a m0 x1 DD1m speed of 

5000 (rev/min) x 0.0152 (mUe/h per rev/min) = 76.0 mile/h 

301 



Increasill8 the vehicle weight by 20% to 2552 lbt and Bssum11l8 a 

traJlSll1ssion effioiency of 0.90 at maxl1!lu l! vehiole speed results 

in a j"oxl,!!uV! possible vehicle speed of' 73.25 m1le/h at unity degree 

of undergearill8. This entails an overall top gur ratio change from 

0.0152 to 0.0148 mile/h per rev/min. These figures were der1ved b,y 

following the oslculation prooadure outUned in Seotion Il:4 for the 

comparison of engiJle ohsraoterist1c8. 

The drag foroe eXpression of veMcle A is given by 

Fd = 0.0179. W+ O.025.v2 lhf 

This enables the juxaposit1on of the two new load 11nes to he 

seen in relation to the standard load UJle on the engine oharacteristios 

(Fig. E5.l). Simp17 increas1118 the vehiole weight without modif)1ng 

the overall gear ratio overgears the vehiole. The eng' ne speed at 

nioxll!D.m veb1cle speed is s'bow to be 4800 rev/mine This represents a 

maxl!!llJJll veb10le spe8d of 

4800 X 0.0152 = 73 mile/h 

This ls Uttie different from the maxil!Dlll speed given abon as 

a result of ohang11l8 the overall top gear ratio to ma1ntnin unity 

degioee of undergear1ll8. 

The inoreased weight load Une ma1ntsin11l8 un1 ty degl"ee of under

gearing is seen to be VfIIq oiose to the standard line at high speed 

and to deviate from it a little at low engine speeds. 

Fig. E5.2 shows the calculated st~ state fuel consumpt1ons 



for the two 2JYI, 1ncreased we1ght coDditions as compared with the 

staD!ard case (see also Fig.- E4.8). Table ES.l outlines the 

oalculations in the COIIp1lation- of Figs E5.l and E5.2. 

Fig. E5.2- shovs little d1fference in the steady-state fIlel 

consumpt10n- between the two 20J increased ve1ght conditions. 

Modit)1.Dg the overaU top gear ratio to ma1nte1n UJI1ty degree ot 

undergear1ng sUghtly worsens the fuel consumption in the mid-speed 

range. Fig. ES.2 shows also that the ve1gbt of a small petrol eng1ned 

vehicle has littleetfect 'on the steady-etate fuel consumption. In 

. fact a small increase 1n weight is shown to better the fuel conswnption 

very slightly in the mid-speed range. This aocords with experience. 

The fuel· consumption returned from a lbng hol1da;y run is rarel,y worse 

than that for normal usage, and ma;v be cons1aerably better. This ma;v 

be partly as a result of decreasll in the proportion ot ftwarm-upD time 

to journey time (56). However, this benefit is maintained on a long 

holida;v run, even though the weight of the vehicle bas increased 

oons1derably from that of normal usage and the average speed of the 

run is probabl,y higher (57). 

The conclusion to be drawn trOll Fig. E5.2 is that a small ohange 

in the weight of a petrol engined vehicle cause; very little ohange in 

the eteady-state fuel colISumption. Becauae the load 11ne of lJUoh a 

vehiole is far r8lllOved from the optimum control line and because the 

slope of the specifio fuel CODBUlllption contours is st.ep lISar the 



load 11ne, a small increase in vehicle weight IiI!\7 actually result 

in a better match betveen engine and vehicle and a better steady-

state fuel consumption. However, an increase in vehicle ws1ght IIIllSt 

increase the fuel coIlll11l!lptiont during transit conditions, oince more 

force ie required to accelerate and retard the vehicle. Thus the 

overall fuel consumption can be expected to increase, with vehicle 

weight. In relating steady-state fuel consumption figures to the 
.. 

expected overall figures therefore, the vehicle ws1ght mu.st appear 

I1S a factor. 

The Anthor has shown elsewhere (1) that a massive incl1'ease in 

the weight of a petrol eng1ned vehicle results in an increase in fuel 

consumption. Fig. E5.3, taken from Chapter 4 of "The !:esting of 

Internal Combustion EnginesD (1) deplcts the calculated fuel consumption 

of Vehicle A in its unladen and laden conditions. Tb1s difference 

is 7 cwt. and represents a weight increase of some 40'1>. Fig. E5.3 

suggests a maxi'Inlm in the'laden fuel consumption (mUe/gell) curve 

at a vehicle speed of 25 m1le/h approximately. Also, tha laden and 

unladen curves become closer together as ma'" mm vehiole speed is 

approached, emphaaiz1ng the! predominance of aerodynamio drag at high 

vehicle speed. 

Fig. E5.3 WIlS produced on the assumption of Vehiole A in 

standard trim having its engine in the stlllldard condition with one 
, ' 

carburetter and with its normal overall top gear ratio of 0.0152 

mile/h per hv/min. 



It is of interest now to stud,y the effect ot the vo1gJ:rt ot 

a large couero1.al vehicle on the ateady-state fUel collSUllption. 

The vehicle chosen is the 23 ton vehicle represented by Pig • .IS4.9. 

Fig • .t:S.4 is a reproduction of 'F1g~ E4.9 with tlolO additioll8l load 

lines representing 11 decrease in vehicle ve1gl:rt ot 25J •. Unity 

degree ot undergeanng is asSUlled tor one colXl1.tion 8Ild the 

standard overall gear ratio assumed tor the other. 

Fig. E5.S shove the calculated stead;y-state fUel consumption 

for these twc) conditions in relation to the standard condition. 

This shows that the effect of weight is marked. A 2SJ reduction 

in vehicle ve1ght results in n decrease in tuel coll81lllption of some 

~. This decrease is • result ot the tora ot the co~sion 

ignition engine characteristics. Ti;.Q opw.- oontrol Una being 

closer' to the load 11Jl8 and the slope ot the speCific fuel consumpt10 n 

contours being less steep than that of the iletrol eng1Jie. 

Again, there ls a smell difference oDl1 in the ste~-stat. 

fuel consumption between the tvo 112S~ decrease in weight" conditions •. 

The Une corresponding to an overall gear ratio change, in order to 

l!laintain unity degree of undcrgeer1ng sllows a slight improvement. 

This is to be expected, since the other condition is UlIdlll'geared. 
. . 

The general conclusion here is broadly in 11l1li with Bland I s 

(59) concludon Plb11shed in "Bus and Coach" concarnlng the tUel 

ecollOlIIV of coachel entitled "Savingve1gJ:rt means saving money". 



He suggests a savillg ot 0.56 to 1.00 mile/gall tor every ton 

ve1ght reduced. His rule ot tlmmb guide for the fuel consumption , 
ot a double-decker bus on about-town use 1s 0.75 mile/gall per 

ton veight, thus tyillg the fuel consumption ElJtClus1vel1 to ve1ght. 
• • I • 



2) Bffect of PYm'1l gear ratio 

'l'wo studies are made, as with the previous sub-seation. The .-J 
f1rst1s representative of a'small petrol engined vehicle. Again, 

Vehicle A with the twin s.u. version of its sngine ls used. The 

second ls again the 23 ton collllllerc1a1 vehicle. 

Fig. E5.6 depicts ths Vehicle. A eDg1ne charaoteristics with 

its normal load Une (show as a full Uno and marked OGR = 0.01520) 

and with 'JI, ohaDgSs 1n overall gear rationbetveen l~ high aDd 10% . " . 

love At an overall gear ratio of 0.01748 (15J higb). the maxtCln!D 
, '. 

speed of tbe yehicle is 

4160 (rev/min) x 0.01748 = 72.8 1II11o/b 

Il decrease of, some 4.2$ from the optimum. At the other extreme taken, . . . 

tbe maxt.1IJWII speed of tbe vehicle at an overall gear ratio of 0.01369 

III1le/h per rev/min Ill!I¥ be show to be 74.5 1II11e/h, a decrease of some 

2J on17. 

Fig. 85.7 depicts tbe correspond1118 stendy-stste 1\Iel oonsumption 

CIUl'VQS and table E5.2 outlines the intermediate calculations. Tbe 

curves in Fig. E5.7 shov tbat overgear1118 gives Q small blt s1gnificant 

gain 1n steady-state fuel consumpt10n bIlt that the rate or ga1J!. 

dtm1nisbas as tbe overgearill8 is increased. UDdergearin,g, on the 

otber band, results in quite a high loss in ecoOOIII1". 



F1g~ 85.,8 111 the heavr commercial vehicle equivalent ot 

Fig. E5,.6. Table 85.3 outl1ncs the 1ntermediate oalculatioDII 

tor the commerc1al vehicle aJrl Fig. 85.9 plots out the correspoDd1ng 

steady-state fuel consUllpt10n curves. 

Fig., E5.9 produces a vcr'T s1m1l1lZ' result to that of Fig. 85.7 

namely, that overgear1ng operates on the lay ot d1m1n1sbiog returDII 

and that undergear1ng 1s costly 1n terms ot fUel. 

The overall conclus10n to be draw trom this study 1s that a 

careful compromise !!lUst be made between steady-state fuel conaUl!lpt10n 

aDd acceleration 1n top gear. Alterllatively, cons1deration should be 

given to spec1el gear ratios to cater 1'01' one or both of these 

per1'orl!l8llCe parameters. 



3. Effect of aergdymm1 0 drag coefficient 

LIga1n, Vehicle.A with its twin s.u. engine anli the 23 ton 

co!ll!llercial vehicle are taken as being representative examples of 

a small p'etrol and a heavy compression igDition vehicles respactiv~. 

White and Carr (24) show that the aerodynamio drag coefficient 

of a large mmber of motor c:ll'S lie betveen 0.33 and 0.56. Vehicle 

A is near the mean of this range with an aerodynamio drag coefficient 

of 0.495. By considering, therefore, three oases for the small petrol 

vehiole, the IIOrmal aerodynamio drag, a 25% reduction anIi 8 2~ 

increaee, most of the range quoted by White am Carr is covered. 

These three oases are considered twIoe. First with the overall gear 

ratio altered also to ma1ntoin near unity degree of uIldergearing. 

This would be the case if the =facturer were to alter the aerodynamio 

drag of his vehiole. secondly, assuming 110 choDgIIin overall gear 

rat10 tram IIOrmal. as would bs the case if a vehiole owner were to 

add a roof rack or Rfa1r-inR the bodywork. 

Fig. E5.l0 shollS the engine characteristics for the first con

o1deration with the degree of undergearing fixed at the normal value 

of near unity. Little difference is discernable between the three 

curves, however, the °25% lowu line 1s nearer the OptilllUll control liM. 

Fig. 5.11 shows the correspoDCIing oalculated steady-state tuel 

consumption curves. This wb.;ws substantial gains 1n fuel. ecollOl\1 

throughout the runD1ng range as a result of reducing the aerodynamio 

drag coeffioicnt. This goin is approximately 20% at low speed rising 



to 30J at bigh speed. This explains the good fuel conswaption of 

some coDt1Mntal cars vb1ch, in general, have lowe aerodlDB1111c 

drag coefficients tbaJl1lrItisb cars (9). 

To obtain the normal degree of UDdergearIng, the overa1L gear 

ratio is O.OUOS mile/h pill' rev/miD fer the high CD case and 

0.01640 mile/h per rev/miD tor the low CD case. These figures 

were fixed using the method cutl11l1!1d iD Section 4 for fi:l1og a 

typical load line. Although Fig. 65.10 sbove similar speCific 

fuel coDSUllption figures throughout the enst ne speed rBDge, the 

real gaiD by reduo1ng CD is in the lover power requ1red to propel 

the vehicle. Hence the product (s.f.o. x b.il.p.) to give the fuel 

flow rate is much lover ID the case of the low CD. A further, 
• 

secoo:1ar,y benefit Is the increase in ovsrall gear ratio neoellllBl'7 

for the low On case ID orde to maintain unity degree of uo:1argearing. 

Fig. ES.12 dePicts the eDg1ne characteristio plot for the seOond 

consideration. The three load lines are shown and the overall ge81' 

ratio is ma1.ntalll1!1d at its D01'EIal value of Q.01S2Jnile/h per rev/min. 
r. 

, - .. 
These load l1nes are moh wider apart than those cif Fig. SS.IO. 

The corresponding steady-state fuel consumpti~n curves are shown 

in Fig. E5.13. These are of the same trem as those of Fig. ES.ll, 

but t'he effect' of change iD the aeroqnam1c drag coeffioient is not 

quite so dramatic. 

Frem the point of view ot steady-state fuel coDSW!lption theei'ore, 

it is well worth p81ing attention to the aerodyn8ll1o shape of a IIIOter 
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,car. This conclusion appUes both to the lIIIUIIlfacturer when 

conslder1ng the styllng and the ower when contempl.at1J:lg the 

addition ot nppemages. Dawlq (70) and Cato~; and Meek (Sl) 

show the effect ot components and ot minor changes ln aerodynamio 

shape. 

Turning IlOV to the heavy commercial veh1ole, Fig. ES.14 

shows the t 25J cbaIIge iD the aerod1Dam1c drag coefficient Unes 
, 

on the engine characteristlc plot. This plot assumes COll9tant 

and unity degree of Wldergear1ng. Using the method outUntJ in 

Sectlon 4 the overall gear ratios beCOll8 respectivel¥ for the high 

drag case 0.02681 am for the low drag'case, 0.03038 m1le/h per rev/ 

miD. The correspom1ng steady-state fuel coIlSUlllption plots are shown 

iD Fig. ES.lS. This shove a large saving iD fUel costs as a result 

ot reduc1Dg the aarodynamlo drag coefficient, but DOt qulte as large ' 

a savillg' as tor the small motor car. This is to be expeoted because 

the aerodynamio drag of a large, heavy commeroial vehicle ls DOt 80 

high ln relatlon to the roll1ng ras1stance as that of a emal.l motor 

car. 

Figs. 85.16 and E5.17 are the corresponding plots for the heavy 

commerCial' vehicle assuming that the chaDge 111 aerodynamic drag' 

coefficient is made with DO change In overall gear ratl0. Fig. ES.17, 

when compared with Fig. E5.15, shove virtual.l$ DO difference iD the 

ohenge ln fuel coneumptlon when maintaining a constant degree of 
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. UJId~gear1Dg or when, maiuta1n111g a constant ove:ll. gear ratio. 

This concluslon could be 1mpl1ed also from a study of Fig. 85.9. 

While the sav111g ~s shown to be less for the heaV)' commercial 

vehicle when expressed as a percentage, lt ls, however, just as 

1mportlll1t to stud;y the a~lI8I!I1o shape of such a vehicle. The , 
actual cost lnvolved ltself ls greater because the vehicle ls greater. 

Also, the vehicle has to opEa:'ate commerci~ as IlI1 ecollOmical 

proposltlon. This requ1rement ne~ not be true for a private motor 

oar. Joymrr (65) show that the ,fUel cost of a heavy coCllllerclal 

vehicle ls by fer the highest cost when expressed as coat per mile 

and ls four .timea that of the first cost. 

,The overall concluslon, therefore, ls that the aerodynamio drag 
" 

coei'f1~len~ h~ a marked effect on the steady-state fUel consumptlon 

of a vehiole. It ls unfortunate that the actual fUel consumptlon 01' 

a vehiole ln normal operatlon la appreciably higher than that predlcted 

by steady-state considerations., A great deal of the apparent benefit 

to be gained by reducing the aerodyll8lll1o drag coeffioient io therefore 

los~ .•. Warren (58) show a meaoured 16-18 mile/gall for a car of 

European ':!8mU;aoturer 1~ the 20 to 30 mile/h speed range described 

as nnormalurban drlv1nga. This comperes with a measured steady-state 
• 

figure of 35 mile/gall. In the 040-45 speed range described aa ,"fast , 

traffio dri1!ringn the me,asur,ed ,overall iUel consumption is 23-26 mile/ 

gall compared with a steady-state figure of 30 mi1:e/gllll. For D60-65 

mile/h thruwy drivingD the mesoured figures ere very s1lll11or to the 

\ 
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oteady-state, 2.3-25 compared with 25 mile/gall. One test on a car 

in 11 heavily congested ares, whare tile dri'lllr ws mald.1l8 j~37 

traffic stops per 10 miles, eacll with an average time of 15s, 

slloved a fUel consumption of 16-18 eil.e/gall. 

As tile building of IIOto1'W,1B aDd I11gh speed rOllds coniiDl.les 

aDd as leisure time to make long trips increases, tile importance of 

tll~ aarodynam1c drag of a motor car increaseEl (57). The extension 

of tile motorva,y DGttrork benefits also the commercial vehiole operators. 

Hence, it is becoming important elso to pay attention to tile aero

dlllllDic drag of commercial vehicles (see also Jayner (65». 

There are a awaber of BUgBestione as to wllere savillgll may be 

made in the aerodynamic drag of a vehiole. Cato and Meel!;:.:", (81) 

suggest from a series ct vind tunnel tests that a ving mirror oosts 

seven oents in fUel per 1000 miles at 65 mile/h. An advertising 

board, o1milor to toot fitted to taxls, 0Illl reduoe tile fUel coJlSUl!lption 

figares by 1.5 mile/gall. They GUgJest hovever, that attention should 

be paid to reducing tile projected ii'ontal area of a vel1101e. Their 

conolusions are based upon stesdy-state considerations. 

Perhaps tile first component on a motor oar wortby of study is 

that suggested by tile Author in tile discussion of a papar by White and 

Carr (24), namely the' engine cooling system. Davley (70) states that 

the cool1ns system of a conventional la,yout aocounts for about l~ of 

the afll'Odynam1c drag. White sllovs elsewhere (9) that the cooling drag 
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is quite B1gId.f1cant. earefUl. attention to the desi.gn here must 

prove beneficial sinCe, from basio tharmodynam1os, the addition of 

heat to a duoted system is capable of returD1ng a' nett thrust. 

Effort in this direotion should result in a better cooling system, 

leas drag without upsetting the styling of the vehicle. other 

components, such as windscreen, rear window, willgS eto. I!l81 be 

subjeoted to a more long term programme since production, styling, 

handling and poss1~ safety are involved. ,. 

Joyner (65) suggests that for a commercial vehicle having a 

van type trailer, the frontal eras. should be no longer than that 

required for the loads to be carried. He suggests further that the 

engine driven accessories should be chosen oare1'tll.4r and that an 

etgina having a good match with the vehicle be chosen. 

./ 
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4. Effect of en." ne sbe 

It is of interest DOlI to look at tbe effect of engine size on 

the steady-state fuel consumption. EarUer studies (see Section 

84) have show that an increased engine outpllt does DOt necessar1q 

result in a loIOrsen1Dg of tbe etead,.-state fuel consumption. The 

matcb may be better. 

Vehicle A is again chosen as be1Jlg representati'f8 of a small 

petrol eng:! t!Ad vehicle. However, s1nce the oharacteristios of 

similar engines to that of vehicle A but of dU£er1Dg size were not 

available for this stu.d7, it V!l!I decided to use three engines o£ the 

Fiat range, the characteristics of wbich are available through the 

M.I.R.A. reports on foreign vehicles. The three engines chosen are 

the engine fitted in tbe 1964 Fiat 850 S o£ 843 cc capacity, tbe 

engine fitted in the Autob16JlCb1 Primula of 1221 co capacity, and the 

engine fitted in the 1960 Fiat 2100 saloon of 2100 00 capac1ty. The 

characteristios of these eng1nes are presented as plots of eD8ine 

torque agaiMt engine speed. These have been translated to plots of 

eD8iDe power against eng1ne speed in tbe manner described in Section 

E3 using computer program Bl8," Figs. E5.1S, E5.19 and E5.2O 

respectively show these eDgine characteristios togetber with the 

load Une of vehicle A. A degree o£ undargear1ng o£ unit,. is assumed 

for each of tha match studies for comparison purposes. Hence, the 

overall gear ratios are respect1veq, 0.0138), 0.01618 and 0.01936 

mile/h per rev/min. Tbelle three charaoteristic plots may be seen 
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to be very s1mUar. Perhaps the general efficienc;y level of the 

large 2100 cc engine is sUghtl¥ bighar than that of the other 

two. The Wmp in the full throttle Une of the large eng1ne near 

the marllllWll powr speed is d1acerDllble also in the original MlRA 

curves, as also is the deviation in the 0.500 specifio fuel co~ 

tion line shown in Fig. 85.19. 

Fig. B5.21 show tile corresponding, calculatad stcady-state 

fuel collSUlilption of Vehicle A when fitted with these engines. This 

show a relatively small, but notice:lble difference between the 1221 

co aDd the 2lUO cc engine, the larger engine returning the poorer 

fuel collSUlilption. These too curves ma;y be eeen to draw together at 

high vehicle speed. 

The curve of the small 84,3 oc engine show large gains at low 

vehicle speeds. These initial gains d1:Dinish rap1dl¥ as the vehicle 

speed increases such that, at 65 mile/h, the larger 122l cc engine 

returns a better fuel consumption. The EIlXimwn power of thio small 

eDgine is oiClilar to the norl!l£ll. engine fitted to Vehicle A. The 

steady-atnte fuel consumption curve ~~genarall¥ oimilar, perhaps 8 

little better than that of the normal engina. 

It oould be unsafe to drall firm, general conclusions from this 

otudy. Its scope is IlOt sufficientl¥ wide. However, the suggestion 

is f;h!lt a small engine produces a very good fuel consumption at low 

vehiole speeds. An increase in the oize of ell",<>ine rapidly reduces 

the benefits to almost a common level. At high vehicle speede, the 



-----------------------------------------------------------------------

SUSiIcstion is the' match is better with the larger engines. CarneU 

(57) supports this conclusion in his study of three engines powering 

an· Jlmerican motor car. The cn,;:1n;is weN ~ 8III8ll 6-oyliDier, 8 

large 6-cylillderr and nn 8-cyl1nder respectively. H1s graphs show 

gains with the smaller eIl81nes at low speed with very little 

a1fterenco at high veliicle speed. 

It 'is important tberefore, to study the effect of engine size 

very carefully durillg the deeigl! stage of a vehicle. The ecollOm;y 

benefits of a small engine have to he weighed very carei'l1lly agsinst 

the batter performance of the large engine. 

'l'urniDg now'to the 23 ton COIIDIIero1al vehiole powered bF a 

oompression ignition engine. Fig. £;.22 depicts the eQgine 

ob3raoteristios 01' a smaller engine to that previously COnsidered, 

(see Fig. ~9) but of havillg the same manufaoturer and 0: similar 

oharaoteristics. Fig. ES.23 shows the oboraoter1atios 01' a larger 

compression ignition sngins, the manuf'aoturer of whioh is not common 

to the other two and the engine 1s 8 turbo-obnrgod tvo-stroke. 

However, the cb:lraoteristios look very similar to those of the other 

two. Tbe load liDeS of the 23 ton truck are shown on these two plots 

again asS1llll1.ni unity degree ot undergear1ng for the plrpOses of 

compar1oon. Fig. ES.22 shows the position of the load line on the 

soo1l engine oharacteristios close to the optimum control line. 

The Author 1s indebted to A. Rowbottom (104) for the supply of the 

obar<lcter1atioD depicted in Figs., E;.22 and E5.23. 
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Pig. 1:5.24. shove the steady-state fuel consumption curves of 

the large engj ne and the small engine in relation to the Dnormal" 

engine conaidered previousl,y (see the 118.0 hp/ton tineD on Fig. E5.5). 

The suggestion to be made is aimllar to that for the petrol 

eDg1nea that a small eDg1ne shows large gains in fuel eoono:oy at 

10101 vehicle speed with the position reversiflg at high vehicle speeds. 

It wuld be of help in furthering this study to have a mathe

matical model of a set of typical engine characteristics. Perhaps 

in IlOn-dimens!onnl form t.7h1.ch IlIa1 be distorted at mU to represeut 

say a petrol engine or a compression ignition engine. SIlch a model 

wuld be of help generelly in a parametric stucly since it lIOuld 

elim1 DB.te the peculiarities of a particular eng:!na and allow very 

small changes in a ptll'ameter, rather then the large steps in 

considerillg say three different engines. It ia intended to carry 

out this vork in the near. future. 
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5. AutOmatio t£anarniBBiops 

fhe distiDguiehing feature 01' a conventional automatio traIl&

mission is its use of a torque convertor. This Wl1t. by its very. 

nature, introduces a degree 01' Dolipll in the drive lill8, hence a 

degree of power loss. A 1Ull. ste:l.d)--state. match et-o.ldy ~ be . 

coDducted betveen a vehicle and its autocaUc transmission and 

engine in just the !lame w~ as outlined above by first conductir.g 

a separate match study between the eng1ns and the torque oonverter, 

as Outlined in Section F3. ua1ng computer program IlO7l. this 

separate match st~ affords the characteristics attbe ol1tput 

sbaft from the torque converter. The angina characteristics l!I!V 

then be related to this output eha1't and tho vahicle-powr unit 

match coDducted as above.. ' 

The engiD&-torque converter match· allows for tho po1Iez- absorbed 

by IlD7 bfront pumpu in the tranBmiea1on. The vohicle-povar unit 

match study must allou for IllV urc::lr pump"'-
Studies of this Dature ;v1eld information on the effect or 

different torque convarters on the steady-state fuel consumption. 

This effect io lUQly to be small since Section F3 shows that the 

coupling point at the torque converter is reached at quits a low 

vehicle speed. A typical vehicle speed at the coupl11lg point is 

half the mnx'mum vehicle speed tor steady-state running. 

Warren (58) has coDducted road tests on two large cars of 

American manufacturer having automatic transmissions in conjunction 

3rf/ 



w1 th a Ill1lllber of European maIlIlf'acture;, and ooncludes that the 

poorer fIlel coIlSUlJl}ltion of the former is not pr1I!Iarily due to the 

automatic tranem:l.ssion, but that it co;y. be a contrlb!lt1n: factor •. 

Forster (93) has COnQucted teata specU·ioa.~ to OV".u.~te the 

eff"ect of" an automatic transm:l.sa1on. He 11800 two care (prellUl!lably 

s1m11ar, although he does not ao;y) and regularly exchanged drivers 

and transmissions. Hc concludes that an outcmatic transmission 

ca118es a &J, - 10!l increase in fuel consumption and that it is . 

responsible for more fIle+ bs1Dg oonsumOO duriDg transient conditions. 

The overall increase in the fual consumption he dismisses as being within 

the tolerance of" vehicles and 4r1ver habits. This concll1sion is fairly 

representative of the conillusion of road test reports on lllallUal and 

automatio vehicles. 

Cornell (57) suggests tbat the steady-state fuel cOl!Sumption of 

an automatic vehicle could be better tl)an a aarmal at high vehicle 

speed because the drive we ratio is generally higher geared (loller 

.DUIlIerical value of eeariDg) and because the engine mxt1!l'e strength 

could be leaner. His tests on otherwise identical cars suggests a 

saving of 1 mile/gall by etaploying an automatic transmiesion under 

steady-state, high speed conditions. 
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SECTION :2:» 

Conclusions 

1. Tbe engine characteristics and tbe vebicle characteristics 

should not be assessed independent.3:y. A full match stucl;y is 

il!lpOrlant and necessary at tbe design state. 

2. A full matob study 113 capable 01' predicting tllo stew-state 

fuel conmlI!lptlon of a veh1cle. 

3. The teohn1que of reducing the DrawU eng1ne teat bed results to 

produce the engine power oharacter1stio plot and the t.eobn1.ques for 

convertlDg i'rom torque to power require furtber davelop!llBnt. 

4. A full study is required of the effect 01' traDSient behaviO'Jr 

o n fUel cOIlS".mption. Here the statistical !!l19,Ylsia tecbnique of 

Smith et al (Iq'?) and/or the labol'atory rig a1.mul.atlng a complete 

vehicle of . Genbom et al (108) I!JtilY be 01' use. 

5. It ls thought that vehicle mass has an important effect on the 

transient fuel consumption. 

6. The cevelopment of the "stratified charge" engine should be 

etudiod c&I'ei'ul.ly, since lt I.'.ffords 11 better match ldth 11 conventional 

vehiole than doos 11 petrol ongine. 
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7. The gas turbine study eophasizes the validity of conclusion 1. 

above. The steady-state fuel consumption of a vehicle powered by a 

gas turbine is appreciably better than a cursory glance at the full 

loed characteristics of the C1\,aine l10uld suggest. 

S. It may ba possible to modify the components of n gas turbine 

engine to proo'uca a better match bGtween the en.,"ine alld the vehicle. 

9. Tho good catch betl1een ell31ne and vohicle of the gas turbine 

should ensure its place in the heavy commercial fiGld at least. 

This position could be extended by the introduction of wriable 

c:eocetry inlot guide vanes to the turbine ard/or somo othor 

sophistication to enhance the part load efficiencY uhile still 

retllilling the excellent torque characteristics. An important 

consideration here is the multi-fuel capabilities of the gas turbine 

engine. 

10. The basis for the comparison of eD6a1no characteristic plots 

outlined in Section E4 is rcasoll:ible in that it takes account of a 

typic:u load. This feature is essontial in aI\7 comparison. HOl1over, 

further development and provlng is I'eq-uirGd. 

11. A small increaso in the l1Gight of a petrol eD6a1ncd vehicle has 

little effect on the steady-state fUel consumption. This conclusion 

is irrespective of l1hether the overall gear ratio is modified to 

m.!lintllin constant degree of undergeariD(t. A large increlloo in vehicle 

l1eight however does have a pronounced effect. 



l10ight io shol1n to be 1cport:mt mth 0 vehicle lJOwucd by a 

coopreseion ignition engina. Again, this conclusion is \cl.id 

irresp3etive of whether const:lllt de,1I'co of undorgoar1ng 1s lI!:lintained. 

il further detailed study is roquired oa the effect of' vehicle 

weieht. This should be conductod by vary =11 cha!l3oo in vehicle 

uoiabt ovor 0 uide range. 

12. Ovoreelll'ing a vehiole ~ves cianifio:mt eaino 1n tbe ste3iJy

statc fuol consuoption, rut the rote of goin dioinisbeo as tho' degree 

of undoreoarin,::: deorroses. U!llloraoaring results 1n n significant 

woroening of' the steCQ~-stato fuel oonsumption. This oonclusion is 

valid both for petrol and coopl'eseion ic:r.ition cnslnod vehiolos. 

Tho de31'eo of urulor.::=ill3 of a v(\hicle c.IJil/or tho fittill3 of' 

an overdrive unit roq-.uro o::.ref'ul comidcrntion at tho oosi3n stage 

in order to provide a Good comprooiso botuoon top ecar acooleration 

cnu fuel coru>~ption. 

13. Chon.goG in the c.erodylUlll1o drag ooofficiont of Q vehiole procluoe 

sienifio2nt chuncros in tho steady-stato fuel cOll:lUlJption. 'It is 

confirllcd that rul offort should bo oodo to reduce the aerouynamio 

drug of futuro clcai3DS w:d that the oooline system tlarrcnts the first 

attention, slnco its t;:Oaif'ioation is likely to [1llV0 littlo effeet on 

stylincr. 03100 a~pcal or safoty. 



14. The effect of engine size 1n a vehicle is not fully conclusive. 

studies sugl3est bewever, that a s!!l3l1 c~1ne proauces a very low 

steady-state f'ua], consumpt1cn at 10101' vehicle speeds c.nd that this 

s1tuation ,"'Crsons rap1dl1 ta S COlDOn level aD E:n..,"ine s1ze 1s 

inorecsod. 

At high vehicle opeoos. El largo eD,3ine coy return a significantly 

better steady-state fUcl·consum~tion than a amnll enJ1ne. 

This mons tlut the s1ze of eDJine requires very careful 

cons1derat10n at the desien staee of the vehicle in order to optimiao 

on fuel consumption, cax11l1WI1 vehicle speed and acceler:lt1ve perfor=ce. 

Also, s1nce the effect of e031ne size cay vary dramat1call1 with 

vehicle speed, the effect of vehicle transient behD.viour wst be 

cons1dered. Further atuUy may enable each factor to be coated and 

a full opt1c1sat10n otudy made on the effect 01' engine size. 

15. i1 oothematic:U. C10del is required of the tYl"ic:1l engine 

cnractOl'istics of, s~, n petrol 0031no and of a compression ignit10n 

el'!Jine. This could be produced by initially describing the specific 

fU:Jl consumption contours by simple ellipses. SUch a !!:Odol could I>e 

=ily cJistorted to simulate different effecto. It uo1!ld be a 

relat1vely sil!lple mntter to program it for 0 di[l1tal coaj:illtor and 

obeulc'l prove en inv.:lluoble tool in the otudy of tho effect of engine 

s1ze, vehicle He1crht and other 1mport:lnt p:!r<U:lotoro. 



16. In conjunction witb ~nclusion 15. above, t;ork cact contilllle 

in an atte~ to "llOD-dinensionalizo" the m:ltch study plots in 

order to aac1st studies of G\ tbcorot1c:ll lUturo CUId as an aid in 

col:lp:lI'ison (sea also concluoion 10 Qoovo). 

17. If, IlS Joynor (65) S~]03tD. the fuel bill of colllI!lCll'cial 

vohicle operation is so high, a concentrated offort is duo to 

rct<'uce it. l-iuch can bo dOnG Ilt the design etll.go by match studies. 

IS. Tho use of an Ilutoootie tr:;nsmission 1n a cotor car sl1crhtly 

.;orscns the fuel consumption due, in p::!rt, to the onact of an 

autoootio tranaaission (iurin,;: tr.:lnsionts. By runc1ng the mixturo 

stroD[ltb of tha ollu"'ina ucak (loon), the steody-state fuel consumption 

Ilt hi]h vohiolo spcad C::ln be bott er than the =1 tr:msmisDion 

version. 
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PART F 

Perforpmnc, pf' vehicles hmrina 

AUtomatig Transmissions 



SECTION n 

Introdugt1on 

A vebicle ba"dng a torque converter in the tra.JlSlll1ssion line, 

or allf device which removes the simple, direct relatiollBhip between 

engine speed ru::d vehicle sveed, .should be treated differently frolll 

the perforllllllC8 calculation point of viev. The computer program 

BOOl d9veloped for mallUal transmissione is not suitable. It is 

desirable, however, to develop a technique for dealill8 with the 

performance calculation ot automatic trallBmiss10n vehicles because 

their popularity 1s increasing. 

It is outside the scope of this work to describe the maIV types 

and designs of automatio tranem1ss.ions am torque converters. A full 

survey and history of development is given by Giles (39) and, more 

recently, a catalogue of the different types in use today 1s given 

by Mitchell (~). This latter reference shove that practioally all 

of the designs in use today in Europe and Japan consist of a torque 

converter in series with some torm of stepped ratio gearbox. None 

incorporate a dri Ye Une by pass1ng this system. The torque converter 

is used to give extra and a variable torque multiplioation, some 

degree of ncushioning" in the drive and for its ability to give a 

smooth take-ott to the vehicle. 

Part F, therefore, ie devoted to the development ot a suitable 

technique for calculating the performance ot a vehiole having a torque 

327 



converter in series with a stepped ratio gearbox t)'pll of transmission. 

A t1Jlical example being the Barg-Warner 35, the essential componentll 

of which, from the perfol'lDlUlCe calculation point of viev, are outlined 

in Fig. Fl.I. 

The input shaft to the torque converter io driven, either directly 

or through gearo, by the engine. To this input sha.i't is fastened 

tho torque converter impeller. The drive io then taken through the 

fluid to the torque converter turbine Wld thonce to the gearbox. 

The reaction member io arranged on a fres-wheel de~ce such that it 

can turn in one direction only. When the reaction member is 

statiolllll7, a degree of torque multiplication ia provi.'ded by the 

torque converter. When the reaction member io free-wheeling, the 

drift through the torque converter is similar to that through a 

fluid flywheel Wld there is DO torque multiplication. The point at 

which tho reaction member sterts to free wheel io termed the "coupling 

point". 

Tho standard Borg-Warner 35 transmission incorporates two oil 

pumps in the gearbox. Bath JlUIIPS supply fluid to the control system 

within the gearbox. The front pump is driven by the engine and is 

the largar. The rear pump is driven by the transmission and may be 

uDed to activate the control system when the vehicle is being "push

started," that iD when the engine is out of action. It is becoming 

the practice, however, to dispense with the rear pump. 
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The gearbox provides a IIIlIIIber of st.er-ped rat.ios which are 

automat.ically chnnged at. pre-detormined vehicle speeds (and load 

coDditions). Hence t.he gear change speeds with an Ilutomatic 

transmission 'are indepeDdent variables which must. be specified. 

This constitutes an important diffarence between t.he performance 

calculations for automatic tranSmissions and mBmIB1 transmissions. 

The other essential difference is that there is DO simple direct. 

relationship between engine speed and vehicle speed. In order to 

calculate the engine speed lit 11 part.icular vehicle speed, the 

characteristics of the torque converter must be know. 



SECTIO!! Fa 

Charagter1stic! of the torque conyerter 

In order to effect the match between an engine and its torque 

converter it is necessaJ7 to marry together the characteristics of 

both. The relevant engine charaoteristio Is its torque against 

speed curve for the throttle angle or fuel pump rack position 

under oonaideration. In this work, full throttle or full rack 

opening. 

The relevant torque convertor charecteristics are the curve 

of 

K-faotor = input speed (Ng) 

jiDplt torque (TE) 

against output shaf't speed <No) 
input shaf't. speed (~) 

Torque ratio: output shaft torque ('1'0) 

input sheft torque ('1':;) 

agllinat 

output sBaft speed (No) 

inpllt shei't speed (Ng ) 

It is shown below thet both these curves are unique for a 

particular torque converter. 

~ner (38) hes analysed the fluid flow in 11 torque converter 

and hes set up the three basio equations governing the performance 



of a torque converter. In simplified fOl'll the7 are :_ 

Input torque equation 

TI = i. ~ + g 
C2 ~ m m 

Output torque equation 

To 
~2 m 

-F2.l 

·-F2.2 

+ m -F2.3 

The terms 11, b, c, d, e, i, g, 1, m are constants for a particular 

torque converter and are funotions of the geomet17 of the torque 

converter only. They are made up from blade radii, angles etc. 

These tGrms are d~veloped in full by Rayllll1' (38). The term Om is 

the "merid1ansl component of nu1d velocity" within the torque 

converter. This term is of interest to the torque converter uesigner 

but of little interest to the Performance Engineer. Accordingly, it 

is desirable to eliminate it froll the above equations. 

Defining 

cpeed ra.tio SR = N 

Ni 
- 1'2.4 

and using the identit7 



- Jl2.5 

in equation F2.l in order to fol'll 

(a +o.sa2) (Nl':)~2 + (b +d.sa) (N",) ... e __ 0 
(- ( ~) 
(0. (c:) 

- F2.6 

The term Cm may be isolated from equation F2.2, giv1cg 

Cm = - t •. 8~ ! Jt2• 815
2 ... 4. TE.g - F2.J 

2.g 

whence 

-F2.8 

substituting oquation F2.8 into 112.6 affords a unique relationship 

between the term ~(N ) and sa tor the particular torque converter 
'lE ) ) . 

( ) 
under consideration having design oonstants a, b, 0, d, ato. This 

relat10nehip therefore, llnks together inplt torque and shaft speed 

and out}:Ut shaft speed. It ia now necess317 to find another relation-

ship to give the output torque in order to describe the fUll 

characteristios ot the torque converter. 

This secoDd relationship may be obtained by re.-mting aquation 
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and dividing equation F2.9 by F2.2 to give 

- F2.l0 

Again, substituting expression 12.7 into 12.10 y1elds a relation

ship betwesn torque ratio ~To~' BR and the K factor ( &~. 

~rx~ tfT;~ 
Since the K factor against speed ratio curve is Uniqull, there 

existe a unique relationship between torque ratio and spGed ratio 

for o.rt¥ particular torque cOlIVerter. 

The above relationships are given in full, together with a 

comprehensive torque converter design procedure in a tech. note 

bi Lucas and Rqner (44). 

A typical set 01' torque converter curves is shown in Fig. F2.l. 

-
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'SECTlOli n 

Match between engina and torque converter 

Fig. F3.l lllustrates tho problem to be solved of an 

accelerating vehicle and an acceleratlng engine coupled b1 a 

torque convorter. 'lE ls the steady state torque output trom 
, . 

the engine and '1'1 the Inpllt torque to the torque converter. It 

has been demonetrated by ott (42) that It ls permissible to 

assume quas1-steady conditions for the operatlon of the torque 

converter. Hence 
2 

( impeller, or pump speed) 

t K-factor ~ 
usiDg the steaqy state torque converter K-factor defined and 

described in Section F2. The equation of motion for the engine 

becomes therefore 

-F3.1 

where WE is engina speed in red/s. 

The equation of motion for the vehicle itself is 

'1' xDARxGR X'lT .. F dV o (~d -
rr -dt: xil?x22 E _ 

15 
- F3.2 

where the output torque trom the turbine of the torque converter 

is given b1 

'1'0 = Ti x TB -F3.3 



/ 

and V ls t.he vehicle speed (lII1le/h). 

Sectlon F2 sbovs bot.h li aDd fo to be fUnct.ioDS of engine 

speed (V.,) and vehicle speed (V) only (t.hat. is ot speed ratioh 

Hence equat.ioM F3.l aDd F3.2 represent. tw noD-tinear differential 

equat.ionS bartng t.ime (t.) as t.he independent. variable aDd 

dependent. variables Vs and V. It is more convenient, Ilovaver, 

t.o consider vehicle speed (V) as the illdepeDdelJt w'l'1able, alnce 

the gear change polnts on a f'ull t.hrottle t~e-to-speod t.est. of 

an automatio transmission vehiole are flxed at pre-dotormlned 

speeds. :ruttlng equation F.3.2 lnto F3.l end ro-arranglD8 ylelds 

therefore 

dV - F3.4 

Equations FJ.4 and F3.2 may be aolved indepondent~ using a 

standard mathematical tochnique to yield the engin!l speed at a 

partlcular vehiole speed during an acceleration run EllIIl tile time

to-apeed. 

Tile integration process may be collllllonoed by finding tile 

engine °stall speed". That is the stasdy stat., tull thrott~e 

engine epeed correspondiDg to a torque converter speed ratio of 

zero. Thie may be determined trom a previous mat.ch study between 

tile engine and the torque converter or by settiDg 

335 



d"E :0 
dV 

/ -

in equation F3.4 am using an iterative techniqtle to find the 

engine speed at which the steady state engine torque (TE) ISqtlSls 

thIS torqtle converter input torque (Ti ). 

The gear changes present s problem since the" represent a 

discontim11ty in the integration procoss. ott (42) attempted to 

overcome tbe problem by specif)'ing in some detail the eenr change 

itself, tbereby making the integration continuous, but necessitating 

tbe specification of the gear change clutcbes, individual gear 

libeel inertias etc. Perhaps a more reasonable approach to tbe 

problem is to assume that the cngine acceleration becomss zero at 

a gear chacge. Hence the integration process continues again 

from a nev start, the new boundll17 condition being tbe steady state 

ongine speed corresponding to the gear change vehicle speed. Again, 

this steady state engine speed is found from a previous m:ltch studY 

or by tbe iterative procedure outlined above. 

A vehicle performance program (Bl67) was devised using tbe 

above philosoplV and the Runge-Kutte-Gill technique for tbe solution 

of the difrerential equatiollS. This program ia listed and described 

in Appendix F5. 

Now an important function of a vehicle performance program, 

sucb as B167, is that of a parametric studY o.s an aid to tbe DeSign 
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EJlglnecs. It Is sbovn later in Seot1on 1'6, and in partlcular in 

Table F6.1, that tbe torque converter itself has little efrect 

on the time-tHpeed of a vehicle. Tbe cholce of a particulcr 

torque converter Is DOt made from tlme-to-speed or maxi!lum speed 

considerations, but from eDg1.no D01se,' engine IItall speed and 

engillll response behaviour considvat1ons. It ia of greater 

benefit tbvefore, to stud7 separately, irnd In Bome detail, tbe 

matcb between a particular engine and a pertlC'Jlar torque converter. 

Once this mat cb has been declared satiefllctol'7, It io possible 

to consider itB performance in a vehicle. 

Adopting this approacb reduces considerably the computational 

tlme Involved, particularly when conducting a vehicle parametriC 

stud7, since t.he calculations involved in the torque converter -

sng1ns match are settled, and need DOt be repeated for each parameter 

change. 

lllao, the time-to-speed integration techniqlle ma, be the aicple 

technique outlined In Section B12 for maD116l transmission vehioles. 

This. In itself introduces a considerable eaving In computational 

time since a vehlcle speed step length of 2 mile/b. may be used witb 

the sama order of accuracy to that shoVll In Section Bl:!. Using a 

step lecgtb greatar than 0.1 mile/b. witb the Runee-Kutta-Gill 

process could re8ult In an unstable situation arising during the 

calculation. particularly as max1l1l\l11l vehicle speed Is approacbod. 
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Several other difficultie3 were found with the Rung_Kutta.

Gill process. The first being the difficult:;r in iDterferring 

with the integration procedure in order to accomodate phenomena 

suoh llS "wheel_spin" and the possibility tba.t the specified final 

speed of the integration process ~ be greater than the maximum 

speed· of the vehicle. Also, in considering the effac:t of ell~ne 

inertia on vehicle performance, equation F3.4 shows that it is 

not possible to consider the interesting and ultimate condition 

of zero engine inertia. An indetermin:lncy elll1sts which ehows 

the specified equations of motion to be no longer applicable. 

The problem is different. 

It vas decided, therefore, to devise a steady-state matching 

procedure botween the engine and its torque converter and to 

e~lve a teohDique whereby the results of this match study might 

be used in vehicle performance calculatiOns, due allowance being 

made for the change in the match caused by the aooelerating engine. 

It is expected that the teohnique of using the Runge-Kutta

Gill integration process, as outlined in Appendix F5, may prove a 

more beneficial techD1que when dealing with the performanoe 

caloulatione of automatio vehioles having shunt transmissions or 

other complications. 

Before dealill8 with the match study proper between !lll3ine and 

torqlle converter, a moons has to be devised to deal with the torque 
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required to drive tbe fluid pwnpa, particularly the front pump. 

Tbe front pump torque is subtracted from the en.,"1ne torque before 

pru!siog to the torque conv"rter. 

Since the =.1ority of -:lutomtio traDSmissions is of the t1P8 

Borg-WarllBr 35, it vas decided to build into the digital computer 

programs the Borg-Warner pump figures and to make provision for 

the substitution or aqy otbel'S, should toot become necessary. It 

vas decided alao to i~!'e tho fact that the control preoll1l1'es 

within the Borg-W:l1'ner 35 alter durine a eoar change, thus 

alteriog the torque necess~ to drive the pumps. This cbaOu<Pfl is 

quite small and the Ine1 or torque necessary to drive the pumps 

is small also in relation to the torque outJlUt from the engine. 

Figs. F3.2 and F3.3, kindly suppl1~ by Borg-l4arners Ltd., 

,pepiot the horsepower necessary to drive the front and re:Jr pumps 

respectively. A high proportion of the pcver required in both 

cases constitutes mechanical loss which is largely independent of 

the pressure head on the pump. Tbe total horsepower absorbed 

figures were converted to torque figures to which fourth order 

polynomials vere fitted. 

Listed belov is the matcbina study dig:!. tal COOpl'.tl!!' prOgl"aI!I 

B07l d~igned to effect the match. Onco again, use is IJ!llde of the 

very versatile polynomial curvo tit in order to describe the catch 

mathematically. 



Storage spaces PUMP(l) to FUMP( 5) give the fourtll order 

polynomial for tbe front pump torque. This ls followed by PHelldingD 

cards. Statement Illlmber 2 reeds in four fixed point IlWD.bers. NT 

1s the munber of points on the eng1no torque curve, NIt is the 

IIUIIIber of speed ratio points used to describe the torque converter 

characteristics. NPUMP is allY positlve or negative integer. If, 

however, NPUMP ls set nt zero, the program will ignore the torque 

required to drive the front pump. If a non-zero integer is assigned 

to the fourth term NCARD, cards are p'~nched out giving the polynomial 

coefficients of the relevent curve fits described below ready for 

use in the subsequent vehicle performance program. It these cards 

are not required, NCI.&D should be set at zero. 

If NT is read ln as zero or a negative integer, the program vill 

accept the coefficients of a previous sixth order polynolll1al curve 

fit to the engine torque.curve, together vith the minimum and maximum 

allollable engine speeds. Bet\leen statement llUlIIbar :3 aDd 7 therefore 

the program deals lIith these coefficients. Fifty polnts on the :.' ;. 

CIIngine torque curve are generated from which are subtracted the front 

pump torque figures~ 

If, however, NT ls a poSitive integer, the eng1ne speed and 

torque fifrll'es are read in. To these is fittad a sixt!l order poly
'\ 

nomial because it vi1l be required In the subsequent vehicle perform-

ance program. The coefficients of this sixtb order polynoulll are 



DOt used in this matchi~ study Pl'OBram. The ftoont pump torqUe 
, 

figures ara then subtracted ftoOD the engine tOrq'.le. Henco the 

cOlOlputer 3tore bolus nr points of engine torque lesH front pump 

torque figureo, tl1' beill3 50 if the original 'i:.orque curve was 

reod in as a polynomial. 

3tatcClont =ber 9 rellde in i'iK sots of torque convorter speed 

ratio (SR), K-factor (M) and torque ratio (m) 1'ig'Jros. These 

are oan'led to tho llT engine figurGs in the Zollowing manner. 

First the engine K-faotors are evaluated. That is engine 

ou.tput speed divided by the square root of net engine output 

torque. T~e Gngine speed la then expressed as a sixtb order 

polynomial. function of the engine K-factor. Hence, for each of 

the torque converter speed ratio pointo, the ongine speed is kDDlln 

alao. Since the speed ratio is specified and the torque ratio of 

the torque converter known, the output ·;;orque from the torque 

converter versUD speed characteristio is known. Thas the match 

is comp1ate. 

Statement 12 + 6 clow to st"tE:!llont nwnber 11 evaluates the 

horsepower into and the horsopower out from the torque converter. 

These figul'es and their difference are printed out. The difference 

is the power loss from the torque converter uissipated ns heat 

energy. 

The program then prooeeds to fit an eighth order polyllOcd.al 

to the output torquo against output sbaft speed figures for sub-

sequent use in the vehiole performanoe program. This is discussed 

further ba1ov. 

/ 
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Also, a slxth order pol¥DOmial ls fitted to the e~ine speed 

and torque converter output shaft speed figures, again for suI>

sequent uss in the vehicle performance program. 

Finally, a card, elther blank or bearing an integer ls read 

In. If blank, the program "nds. If an integer, the program 

svitches back to the appropriato statement number. 

The pOlynomial curve fit sub routine is that listed in 

Appendix Bl. 

Table F3.l is a t1P1oal output from program B071. It represents 

a match study between the eegine of vehicle B and a Barg-Werner 

225K torque converter. Aa IIIllY be seen, the curve fits are very 

good. The curve fit of interest hoWever is the eight order poly

DOmial deecrlbing the torque converter output torque charaotcristlc. 

The crosses ln Fig. F3.4 deDOte the matoh stud,. points. Note 

thencoupl.1JJg pointa at 2500 rev/min. approximately, at whioh the 

reaction member in the torque converter commences to free-wheel. 

At output shaft speeds above the coupUng point, there is DO torque 

multipllcation and the shape of the torque curve is very similar to 

that of the engine torque curve. Tbe dots ln Fig. F3.4 deDOte the 

evaluation of tbe eightb order pol¥DOmial at ever,. 100 rev/min. 

interval from zero speed to 6000 rev/min. of the torque converter 

output sbaft. The program used for this evaluation vaB 8054 Usted 

in Appendix Bl. 



The curve fit generally is good. The coupling point should 

not be quits so rounded, but this is ot little conseqllsnce. 

ConsideraUon vas given to describing the outplt torqlle curve 118 

two lover order polynomials B1eeUng at the coupling point. The 

amount ot work BIld col!lplter til!le involved would be similar. This 

vould produce the discontinuity in the slope of the output torque 

assumed to exist at the coupling point. 

Howevcr, since this point is ot little il!lportance and since 

it may be desirable to cater tor torqlls converters having more than 

one reaction member and hancs mora than one "coupling point,1I it 

vas decided to retain the eighth order polynomiol.. 

The asset ot an eighth order polynomial Is its vsrsat1l1tl. 

am this can be its veakness also. The ';''ull speed rlUlgs ot the 

engine must be specitied tor the reasons gi van in Port B, section 

2. Similarly, the torqlle converter data must be extrapolated to 

include a K-tactor at least as high as the maximwn possible engine. 

K-tactor. It this is not done, the highest output sllLltt speed 

considered may be less than the speed obtainable durillg • 

pertormance run. now Fig. F3.4 show that an eighth order poll

'nomial can veer rapidly ott course outside the data range. In 

tact the output torqlle at 6000 rev/min given by tho polJrnomial 

used in Fig. F3.4 is -98.442 lbt ft. It it vere poaaible tor 

the output shaft ot the torque converter in vehicle B to reach 



\ 

6000 rev/min, the vehicle performance culculations vould be in 

error. However, since a 111gb torque conwrter K-factor vas , 

included in the match data, the resulting eighth order pol1nomial 

is adequate, aDd it vas found in the later vehicle performance 

calculat10ns that the torque converter output shaf't speed at, 

maximum vehicle speed vas 5000 rev/min. approx1matel1. 

The figures giving the horsepover into and out of tbe torque 

converter emphasize the poorer fuel consumption of ·the automatic 

vehicle compared with its maDUDl cowrt.erpart. 

. Program B071, therefore, ensbles the Designer to study ~n 

considerable detail the mtcb between a particular· engine and a 

particular torque converter before commUting b1mself to vehicl~ 

performance caleulat1ons. The error columns 1n the curve fit 

print-outs confirm that there is l1ttle or no error 10 tbe original 

!3ata used. 

The engine torque aga1nst engine speed, the output shart torque 

a8a1nat output sbaft speed and the engine speed against output sbaft 

speed polynomials full1 describe tbe match matbemat1call1 and are 

used subsequently en the' vehicle performance program. 
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I.1AS·' ER qll71 

o 11.11:' ~J S [ 011 eft !i I , ~ ( 5', J • T ( 50 J • S R ( 5 iJ J • A ~ ( ~ 0 J • T IH 50 J • E ~ f 50 J • A f 7 ) • EN ( 50 J 
I.PUi·IP( 5) 
cnM~.-10NF.I(, I.l, ~ 

PUMPC I le3 .()7241256 
PUMP(21=-I.t44A20A3 
PUMP(3)a.91'72275 
PUMPI41=-.173875627 
PUMP(5)a.OII0702038 
!rIRI IEI 2.100 1 
PEAOC 1,101 ) 
IrIR[lE(2,IOI) 
WRITEI2.I(2) 

2 REAOII.103)~T.NK,NPUI.1P,NCARO 
IFCNT)O,(I.7 

3 REAOII,IOQ)(AII),[al.7).RMIN,VBS 
C SIXTH OROE~ POLVNOM[AL ENGINE TORQUE LBF FT DFffENGI~E SPEEO)RPM)/IOOOJ 

Z=RMIN/lOr)O. 
DO 4 [al.!50 
IFfNPU~PJ20.0.2C' 
FPU'·1PIIO. 
GC TO 7.1 

20 CONTlNeJE 
FPUMP"",UM!>f t ) 

DO 22 a=:,>.; 
22 FPlHI,P"FPU4P+PIIMPfKK)*Z.*fl(~_I) 
21 CONTINUE 

T([I=A(l1 
00 5 Ja2.7 

5 Tfll=Tfll+AIJ)*ZHfJ_I) 
T( II=Tf [)-F"UMP 
R(I) .. Z 
z=z.cvaS-4MIN)/49000. 

4 CONTINUE 
NT=51J 
JJ=7 
IrIRHEf2,1171 
WR[TEf2,106Ifl,A( 1).1=1,7) 
WRPEt 2, 11)21 
WRIIEf2.t;)21 
I F ( rJ C A Q n • I'; T . 0) 101 R I T E f 3 • I I I! ) J J, ( A ( I ) • [a I • J J ) 
GO TO 5 

7 CON i1NLJE 
8 READ( IrI04 )lE~Cl) .I(f I) oIal.NT) 

C EK IS (ENGINE ~PEEO QP4)/IOOO 
C R IS ENGINE TOQaUE LRF FT 

WRI~E( :/.11 ~I 
J=f> 



JJ=.)+I 
CALL PQLY (1,n,NT,J,O' 
w.",r~(2.!17) _ 
WR ,'11: (2, !;)6) ( !, C ( I ) , ,= I, .J') 
IF' cl C A 'l D • !'; T , (' I W R I T E ( :'I , I I 8 ) J J, ( C ( ! ) , I. I , J J ) 
WRll!=.(2.101l1 
IF('JPU'~P):1,'-5,O 

DO 23 J=I.~JT 
FPU;.IP"~i.W" (1 ) 

DO 24 1=2,5 
24 FPllMP=FPU'~P+PUMP( I )-EKIJ)-*( I-I' 

RIJI=RIJ)-S::~lJMP 

23 CCN ,'I ~~UE 
25 CONr IN:JE 

DO 15 I=I,NT 
T(lIaFlII) 
R ( I ) =E ~ I I ) 

15E'1«I)"v. 
C R NOW DENOTES (~NGINE SPEED RPM)/I('OO 
C T NOW DENOTES E~GINE TO~QUE LRF FT 

6 CONflNUE 
9 ~EAD(I,I04)(S~(1 ),AK(I ),T~([),[DI,NK) 

3lf7 

C SR=SPEED RATIO )F TC AK.K-FACTOR OF TC 
LASTa! 

T~.TORQUE RATIO OF TC " • 
LA=LAST+I 
DO I') 1"1. NT 
EK( 1 ).R( I )oIO./SORT(T('I» 

CEK DENOTES (F.NGINE K-FACTOR)/tOO 
10 CONTI NUE 

WRI-iE(2,110) 
C~LL PJLY (f',(l,NT,LAST,O) 
WRlfE(201ll) 
WRIfEI2.1(6)(J,C(I),J=I,LA) 
WRITE(2.IOI)I 
WRiTl:(2')1") 
DO 11 lat.N< 
ENtl)"C(I) 
DD 12 J .. 2.LA 

12 EN( f ).EN( I ).CCJ)o(AK( I 1I10e,. )**IJ-I) 
EN( [)'"EN(! )_1000, 
TCLOSS.O. 
ET=IENI I )14« I) )**2-TCI..05S 
EK( 1 ).SR( I )-EN( 1 )/1000. 

C EK IS NOW OUTPiJT SPEED FROM TORQUE CONvERTER DIVIOEO BY 1000 
RI I , .. ET.TRI 1) 

C R IS NOW OUTP!JT TORQUE FROM TORQU~ CONVERTER 
PIN:2,*3.14159265.EN( I )*ET/33000, 
POUTa2.-3 ,11159265*EI« I ).R( I )/33. 

LBF FT 



PDIFF .. "IN-P'lUT 
W R I T E ( 2 , I I 5 ) E N ( I ) , S 11 ( I I , PIN. P Cl UT, PO I F F 

ItCONf!NUE 
flRITE(2.I05) 
J=8 
JJ=J+I 
CALL POLY (a,O,~K,J,O) 

:.IRITE(2.togl 
W P·I ,E ( 2 , I (j 6 1·( , , C ( I l , I = I , J ,J I 
IFtNCARD,GT.O) W~ITF.(3,118)JJ,(C(I),I .• I,JJI 
DO I~ I=I,N< 

I~ R(IlaE:>j(ll/tOOO, 
C q IS NQW (ENGI~E RPM)/IOOO 
C. EK IS STILL TC (.OUTPIJT SPEED REV/MIN)!lOOO 

:.IRlfE(2.tt21 
J=6 
JJ=J+I 
CALL POLY (1,Q,NK,J.OI 
WRlfF.(2.tt3) 
W P liE I 2 • I (J 6 )( I , C ( I l , I .. I , J ,Jl 
IF(NCARD,IlT.OI wRlTE(3,I,SlJJ,(C(I),lal,JJl 
READ(I.t07)j 
IF(,JlI3.t3,J 
wRlrE(2,IOS) 
GO "( 0 (t,?, 3 , 4 , 7 , 1\, 6 , Cl l , .,J 

13 CONTINUE 
STOP 

lOO FORMAT(30~4~HENGINE AND TORQUE CONVERTER C~ARACTEqISTICIII 
101 FORMH(80~ 

I 
102 FORMAT( tHr)) 
IQ3 F(}RMAT(~IOl 

IO~ FORMAT(16nF~,Ol 
105 FGR~AT(lHII'X20HPOLYNOMIAL CtJRVE FIT/5X73H(TC nUTPUT TOROIJE.L!F FT. 

II=Y AGAINST «TC OUTPUT SPEED(RF.V/MI~I)/IOOOlaXlll 
106 FORMAT(4(13.2X,GI6,IO,2Xll 
107 F()RMATtI2) 
I 08 FCP.:·l~T (I HI l 
109 FiiR"iATi IO\HtIPC1LYNOMl~L COEFFICIENTS GIVING TC OUTPUT TOROUe I.BFFT 

I AS A FUNCTION OF (TC·OUTPUT SPEE~ (REV/MIN))/IOOO ARE/) 
II~ FO~~.T(IHOIJX20HPOLVNOMIAL CURVE FIT/5X5q~«(ENGIN~ SPEEO)/IOOO).Y 

t AGAINST (!ENGINE K-FACTORI/I09IaXII) . 
I11 FORMAT(92HO~OLYNOMI4L COEFFICIENT~ GIVING (EN~INE RPM)/tOOO AS A F 

lUNCTIO~ OF (ENGINE ~-FACTO~l/100 ARE/) 
112 FUR~AT(IHII~X20HPOLYNDMIAL CURVEFIT/5X56H«ENGINE RPM)/IOOOlm, A 

IGAINST «(Te OUTplJT ~PMl/IOOOlax//) 

113 FaRMAT(9IHO~OLYNOMIAL COEFFICIENTS GIVING (ENGINE RPMl/tOOO AS ·A F 
IlJNCTION OF !Te nUT~UT RPMl/1000 ARE/l 



114 FtIR:·1ATf20~ :rNGINE" SPF.FD RPM 14~TC SPEED RATIMx!3~~"RSEPOWER IN7 
1.14H~tl~SEP04F.P (JUT6V23otHOPSF.pniolF.R LflSS FIlOM Tel' 

I 15 F tl~:i4T f" U L Col 2.6, (, XI , 
116 F(O~:"ATfIHt)I'lW20HPflLVNOMIAL CURVE FIT/'H61~fENOINE TORQUE LSF FTlaY 

I AGAI~ST tENGINE SPEED RPM)/lonO).XIII 
117 FOR:"AT(86~O:>DLYNOMtAL CDEFFlr.IENTS GIVING ENGINE TORQUE AS A FUNCT 

lION OF (ENGINESPEED)/IOOO ARE/) 
118 FORMAT(12/4fFI6.lu,2X)) 

END 

END OF SEGME~T, L~NGTH 934, NAME 8071 



SErnO!! 14 

Allovance for engine inertia 

B.V using tbe results of tbe matcb study outlined in Appendix 

Fl in tbe calculation of tbe perforllL!lDC8 of automatic transmissioned 

vehicles, some procedure for allowing for the mismatch Mused b,y 

tbe accelerating engice must be devised. The use of poqnomisls 

to describe the match makes this adjustment relatively simple. 

Before studying the' problem' in detail, it·. was considered 

advisable to simulate a obango in the match between an aooelerating 

engine and a torque converter. Tbf:s was aohieved by uaing program 

B07l in tbe normal w~ using the normal stead7 state torque curve 

of tbe engine and tben b,y repeating tbe run witb 10 Ibf ft aub-

traoted from tbe engine torque curve. The resulting torque converter 

output torque curves ore sbown as Fig. F4.1 and tbe engine speed 

against outplt shaft speed curvee as Fig. F4.2. 

A point corresponding to a partioular epeed ratio moves down 

and to tbe left as a result of tbe decrease in engine torque. 

Appendix F2 sbows tbat tbe peroentage ohange in output speed in 

Fig. F4.1 is balf the percentage oOOoge in outplt torque. Tbat is 

that 

~No = A To 1 

No 1 = 0 2. TOl _ 0 - - F4.1 



Also, cons1dering the shift of n particular po1nt 1n Fig. 

'4.2, the percentage change 1n engin. speed IID1St eCjllIll the ~ 

centage change 1n output speed because the speed ratio 18 constant. 

A study of f1gs. 1'4.1 and 1'4.2 shova these relat10nships to be 

true. 

In order to cons1der 1n detail the change 1n output tor~ 

result1ng from a decrease 1n en.,<>1ne torque, Fig. 1'4.3 1s shov~" 

This ls a ftclose-upn of a portlon of Fig. 1'4.1. Consider an 

accelerat1ng vehicle at a particular vehiCle speed V. If' the 

engine has zero inertia, then match point A is appUcable, and the 

torque converter output shaft speed is Do Since however, 
1=0. 

a real engine has inertia, the match Une shUts. The nev point 

corresponding to the same torque converter output shaft speed is 

marked in Fig. 1'4.3 as point C. A study of Fig. F4.3 shovs that 

the output torque from the converter 1s now 

To is the s~ running torque output 
A 

A 
is the change in tor~ due to inertia 

Tax 
tl T 1s the chenge in torque due to mie-matchillg 

OH 

-F4.2 

Nov, To 1s known from the steady state matching study CUId 
A 

it can be sholln that 
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.01' 
01 :: function (1) (Vehicle accelerntion (f» and that· 

The fUll. dliri vation of these three functions is g1 ven in 

Appeildix F3. 

It follows, therefore, that a relationship exists between 

the known steady runn1Dg output torque To ; the 'actUal output 
A 

torque To aDd tne acceleration of the vehicle'(f). 
o 

Appendix F3 shows this relntionship to be 

f -- x 

Appq1ng.Newtcn'a aeeoM law to the accelerating vehicle BB 

a whole produces the relationship 

f--
., . 

To x DAR x GR x'h c 
r x BIg 
r 

Fd -

where the equivalent masa of the vebtlcle ia g1 wn b7 



: .. 
• 

- P'4.5 

iquatlng relatlonsb1ps F4.3 and F4.4 aDd re-arranging produces 

the expression 

Every term on the right hand side of' tb1s exprossion 10 either 

spea1fled or calculable. Havinz obtaill9d T ,the vehicle 
00 

acceleration (f) IilIlY be determined using equation F4.4 and hence 

the perf'ormance of' the veb1cle. 

The term (D!IR x GB/rr) in expression F4.6 should be noted. 

This is a very common grouping In vehicle performance work. 

All analysis of' expression F4.6 shows that,if' tha ell,llne Inertia 

and/or the ell31ne acceleration is set at zero, the output torque 

from the torque converter Is the steady state output torque, as 

ono would expect. Also, if' the alope ot the output torque curve 

Is zero, as It may be near the coupling point, 4Tem : 0 and there 

Is no mis-match. 
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It follows, therefore, that given the result of a matching 

study between engine and torque converter, the performance of the 

vehicle may be calculated d1rectlT and in a straight forward 

manner without resort to iteration. This has been made possible 
, 

because the match is fully described mathematically. 

It is possible to proceed further and calculate the speed 

of the accelerating engine at a particular vehicle speed V. 

Since To is now known~ the vehicle acceleration (t) 1s known, 
o 

A To is known and the percentage change in output torque 
I. , 

(A To ITo ) is known. Now the output shaft speed 1s related 
( I I: 0) 
to the engine speed for a particular point on the torque converter 

character1stics~ that is for a particular speed ratio, as follows 

ll~ =SRx~ 
":0 1-0 - -

The value of sa being common to both. It follows, tharefore, 

that 

and using equation F4.1, that 

fiNo 

01: 0 
-- = L>fOJ: 

2.T .... -... = 0 

-14.7 

-F4.8 
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This !!leans that the peroentage change ln engina speed of a 

partlcular polnt ln Fig. F4.2 as a result of Il drop ln engine 

torque output equals the percentage change ln outPut sbaft speed. 

Flg. F4.2 show this ~ olearly. At high output aboft speeds) 

when the speed ratio approaches uDity, the two curves morge. into 

,one with a slope of 4'1'. Actual values taken from Fig. F4.2 

confirm also that the percentage change is the same for both 

oll31ne speed a~ output sbai't ,peed. 

Fig. F4.4 ls a olose-up of a portlon ot Fia. F4.2. The engine 

speed corresponding to a particular output sbai't spoed (No) with 

an engine having no lnertia is known (point A). It 18 required 

theretore, to find the ell31ne speed corroapondlng to output shaft 

" speed (Ho) when the engine lnertia ls not· zero (point C). 

This 10 a1 van by 

~c = N 
EX - 0 - - F4.9 

where the slope term ls the slope ot the lower curve at point B. 

Appendix F4 shows that the slope ot the upper curve at A is 

the OamB as that ot the low()l" curve at B. Uslng this and equo.tion 

F4.8 produoes 

35,5 



.Again, eWl"1 terll on the right bend aide is known !Uld 110 

the speed of an accelerating ecg1ne is calculable. 

The assumption llke17 to c!IUse the largest error in the 

calculation of the output torque is the use of ( ~ NFI ~ No) 

at point a, rather than at point C. Appendix F3 sbovs that this 

assumption causes an error in the time up to 90 m1le/h.· ot a 

vehicle ot less than O.O~, a negllgible amount. Nevertheless, 

the error ie calculated at the en.4 of a step leDgth and the next 

step length calculations ere modified accordingly. The final error 

therefore, is llkely to be very small indeed. 

This section therefore lays down El rational theory to enable 

the output sbeft torque, the vehicle acceleration, the engine epeed 

aDd acceleration aDd hence the performance of the vehicle to be 

calculated in a straightforward menner. 



S§QTION F5 

Performance Pro!P'8l!! - Automatl0 trslISmisslgDS 

Listed belov le the dig1tal computer program (8058) designed 

to calC11late the performance of a vehicle bnving an automatl0 

trBIISmieslon. The program ac;ce~s the result!! ot, the previous 

match study between engine and torque converter (B071) and the 

vehicle deslgn parameters, such as welght, positlon of the centre 

of gravity, wheel slzes, gear ratlos etc. Unlike the manual 

trallSlUsaion programs (8001 ond' B033), the g'eer change speeds are 

read ln as lndependeut var1ables. 

The layout of the main program ls s1m1ler to 0001. 'l'be lnput 

data le priuted out for reference. From statemeDt JmI!lber 32 to 

the STOr card, the me", mllm horsepover ln the torque converter out-

put short, the speed at which lt Occurs and the maximum speed of 

the vehicle are evaluated ln a manner e1milar to 8001. 

Statemeut number 29" 1 down to sUltement number S3 of- 5 stores 

the coeffioleuts of two fourtb order poqaom1als desc:r1b1ng the 

torque absorbed by the fluid pumps. Storage spaces roMP· (1) to 

PUMP (5) are ascribed to the rear pxmp, roMP (6) to roMP (10) to 

tbe t'J:oont pump. To delete the rear pump, read N PUMP es zero. 

The subroutlne used to evaluste the t1IIIe to speed lutegral 

• = J\ ... 
", 



/ 

is oalled 'I I M A and is described as follow. 

After sett1Dg up the initial. values of the variable quantities, 

the step leDgth (DV) is ohosen suoh that there are at least 2; 

steps in the integration. The IIIB1n DO LOOP down to statement 

rmmber 3 evaluates the vehiole acoeleration at eaoh step. DO LOOP 

down to statement mmber 4 and then down to statemsDt rmmber ; 

arranges the gear ohaDgeS at the speolfied speeds. From there down 

to statement mmber 9+; the thfJ017 described in Section F4 is 

appUed. The DO LOOP down to statement rmmber 26 calculates the 

error in using (~¥~flo)B instead of (~Ng/~Bo)c as described 

in Section F4. This error is stored and applied as B correction 

during the oalculation of the next step leDgtb. 

From there down to the end of tbe subroutine the calculations 

are sim1ler to those in subroutine T I M E (0001). The test appUed 

for wheel spin is identical and follows the theory laid down in 

Part B~ 

Thore is one lmportant differenoe ln that the theory of take-oft 

with an automatio transmission is more simple than for a marmlll 

tr81lSl!l1l!1sion. It is assumed that a test dr1 var plaoes one foot on 

the throttle pedal and the otber on the brake pedal before a test. 

At the instant of time t = 0, be takes his foot off the brake. Heno, 

there is 110 transition after t = O. The eegins is alread7 at its 

stall speed and ls already connected to the transmission through . 

torque converter. There is 110 clutoh engagement to worry about. 



Table F5.1 gives a typical output !roll program B058. It 

represents the calculated performance of Vehiole B fitted with a 

22~"torque converter. The results of the match1Dg study example 

in Section F3 ware used. Tho lEVOUt of the time to speed table is 

VI!Ir1 sim1lar to that of BOOl except that the engine speed is 110\1 

Usted, since it is oot tied d1reatq to vehicle opeed. 

Note that the performance of the autoetio version of Vehicle B 

is better than the maJlIlQl version up to about 25 mile/b. and that 

thereafter it is poorer (see Table Bl2.2). The calculated maximum 

speed of the aIltomatic version is lover, as one lo'Ould expect. The 

gearbox asswaed fitted to Vehicle B was the Borg-Warner 35. 

Fig. '5.1 is El plot of the engine speed agailU!lt tille information 

given in Table F5.1. This shave the engine accelaration at take-off 

to be 10t1 rising quite rapidly to a near constant value in first 

gear. This near constant engine acceleration towardll the end of the 

first gsar phase is the highest lsvel of engine aoceleration reached 

during the performance run, and is approJd.ma~ 50 rail/s2 for 

Vehicle B. Assuming an engjne inertia of 0.15 slug ft2, this 

represents an'inertia torque of 7.5 lbt ft, or some 7f, of maxi rmm 

engine torque. Thi, supports the use of the assumpUons in the 

IIII1thOSllt1oal procedure developed for deal1 ng with engine inertia. 

The second geer eng1JIe acceleration is lover and virtuallJr 

constant. The top gear engine acceleration decreases as the vehir 

approaches its maxim" .. speed. 
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L1st1M of Performance Program (AutomaticB) 



PORTRAN COMPILATI~N BY dXPAS MK IC 

*FORTRAN 8058. G.G.LUCAS 
NO [RACE 
MASTER a058 

DATE. 14/0'/68 TIMf 13/23/54 

DIMENSION ET(IO),ES(IO),TCT(IO).-X(IO).GCS(IO).PUMPCIO) 

36/ 

COMMON ET.E~.TCT,X.GCT,OAR.RR.AD,BD.AK,WV~W,AIW,AIE.KA,A,B,~,XK.N~ 
I,NES.NTCT.NET.PI,VBS.,GCS.TI.PUMP,DI.02,D3;D4,~5 

P 1 .. 3. 14·15Q2!153!59 
20 CONlINUE 
16 CONTINUE 

J=25 
WRITE(2.toOl 
READ(ldOI) 
WRITE( 2.101 I 
WRITE(2.to2) 

1 READ(I,to3)'IET 
2 READ(I,IOd)(ET(I).I.I,NET).VBS,AIE 

WRIlE( 2010!\) 
WR I iE (2.128) (ET ( I ),1=1, NET) 
WRtrE(2d29) 
WRllE(2.IU71V8S,AIE. 
WRiYE(2d29) 
IF(,1_2)26.2!'>,o 

3 READ(I,I03)'JES 
d READ(I.I04)(ESC!).I.I,NES) 

WRITE( 2.1(8) 
W Rn E ( 2. 1 28 ) C F. S ( I ) , lilt, NE S ) 
WRnE(2.!29) 
IF(J-d)26.2~,0 

5 READ(I.IO~)\JTCT 
6 READ(I,104)(TCT(I),lal,NTCT) 

WRITE( 2.1(.91 
WR!"IE ( 2.128) (TCT ( I ) , I .. t , NTCT ) 
WRiTE(2.t29) 
IFiJ-6)26.2&,O 

9 CON"iINUE 
7 READ(I.I03)<lG.NPlJMP 

10 CONTINUE 
8 READ(I,104)fX(I),lal.NG) 

WRITE(2.110)(XCI),I·I,NG) 
WRITE(2.t291 
IF(J-8)26.2~,() 

READ(I,IOd){GCS(I),lal,NG-I) 
WRITE!?"III I(GCS(I),I"I,NG-I) 
WRiTE(2d29) 
IF(J-I;J)26.'-6.0 

11 READ(I.IOa)~AR.RR.AIW,PSI.TI 
AIW=AI~+PSI.DAR.DAR 

IF!J-l1 )25.:;.6.0 
12 READ{I,I04)~.A,B,H.KA 

IF(J-12)26,,-6.0 
13 READ(I.I04)AD.BD,AK,~K 

XK=XK/l(JOOO(IO. 
IF(J-13)2A.,-5.0 

Id READ(l.:Ol)~,CF,GCT 
IF(J-I~)2F,.~6.0 



--1 r---"- .-.. ..,-' -- '.' --'.-
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~, 
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15 REAO(I.104)~I,V2,IoIV 
IF(J-15)2b,2b,27 

27 C()WC PI:)!!: 
i!6 C1J' .. '; I11-JE 

tI;; I (e! 2 , I , 7. lOA It , Il P , A lW, • I( 
/j"I(r:(~, 1;I(l)Tl 
WRITE(2,113)W,A,~,H 

WRITE(2,1)4)AO,BO,A~,G,CF,GCT 
WRITE(2,115)VI,V2,WV,' 
IF(KA):'),2!\,;>8 
WRITE(2,1161 
GO ro 29 

28WRITE(2.t17) 
29 CONTINIJE 

IF( NPUI!P )(1,;2,0 
PUMP(I )=1.61595803 
PUMP(2)D-.~~320SS37 
PUMP(3)=.367206661 
PUMP(4).-.0~65263932 

PUMP(5)=.00373440272 
GO TO 93 

52 DO 54 1-1,5 
54 PUMP ( I ).0. 
53 CONTINUe 

PUMP(6).3.0'241256 
PUMP(7).-1.14482083 
PUMP(S) •• 91072275 
PUMP(9)·-.173S75627 
PUMP( 1:) •. 0110702038' 
CC.SQRT(I.-~*G) 
C=B*CC+lh(l 
Bioi-I. -C/CCI (A+B) 
IF(G-B~*CF*eC)30,30,0 
WRITE(2,1IS) 

30 CONTINUE 
IF ( K A ) 31 , () , r), 

C=8 .. CC-G*(H-RR) 
IF(TCT(I )*DAR*X(I )-W*C)31,0,0 
WRITE( 2, 119) 

31 CONTINIJE 
CALL TIMA (TS,VI,V2,G,eF) 
WRnE(2.to2) 
WRlTE(2,120)T!; 
J=O 
R=ES(I) 

32 CONTINUE 
IF(R-.5.GF..liBS/II)OO:.OR.R.LE.-.I) GO TO 3'" 
OTO=TCT( 1 ) 
DO 33 la2.NTCT 

33 OTO=OTD+I*Tr.·T( I )*Ru( I-I) 
IF(J-I )0,0,34 
IF(OTO)34.0.0 
RaR •. ' 
J=I 
GO TO 32 

'34 CONTINUE 
IF(J-IO)O.O.35 
IF(OTO)O,Q,35 
R=R-.05 
J=IO 

' .. 36Z 

·1 

I 

I 

I 



-' 

GO TO 3'-
35 CONTINUE 

IF(DTD)36.0.0 
R=R+.il5 
J=100 
GU TO 32 

36 OTO=TCT (I) 
00 37 I"2.NrCT 

37 OTO=OTD+TCT( I )*R**( I-I) 
OTO=2 .• PI*R*OTO/33. 
RPM=R*!OOO. 
WRIH(2.12110TO,RPM 
VM=O. 
J=O 

38 CONTINUE 
OF-W.(AO+uM.eO)+AK*VM*VM 
RX.RR.(!.+X<~(VM.VM-90Q. ») 
OGR=PI.15.0~X/660./0AR/X(NG) 
IF(VM-I!.-V~S·OGR)45.0.0 
GRAO.\laS.OG~ 

WRi"rE(2.!22IGRAO 
GO TO il6 

45 CONTINUE 
TEF".9S*( .9:)7"8-.0000875.VM)0( .96-.000!16*VM-.0000058*\lM.VMt" 
R=VM/OGR/IOOO. 
T=TCT(I) 
RPUMPa;>UMP( I) 

DO 39 la2.NTCT 
39 T=T+TCT( I ).,,**( 1-1) 

oei 51 1=2.5, 
., 1 RP U M P D 'I P LJ M P + P U M P ( t ) * I R / X ( N G ) ) .. ( I -I ) 

T=T-RPUMP 
TF=T.XINGI*rEF.OAR/RX 
IF( J-! )0.0.10 
IF(lF-DF)41.0.0 
IIMaIlM+!O. 
J=1 
GO 'fa 38 

40 CONiINU" 
IF(OF-TF)42.43,44 

41 COW,'INUE 
IF(VM)~5.0.~4 
VM=\lM+!O. 
GO 'ro 38 

44 VM"VM-!. 
J"IO 
GO TO 38 

42 VM=VM+.5 
43 CONHNUE 

WRITE(2.t23)\lM 
46 CONTINUE 

V"RPM*OGR 
GRAO"V\1/V 
WRlfE(2.!24IGRAO 

47 CONTINUE 
J=O 

- READ(!.12"i)J 
IF(J)4S.411.", 
WRI'iE(2.!26) 
WRITE(2.!05) 
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~n 10 11 .).~,4,',~,7.A,4,1~.lj,t2.13,14,1',16'.J 
48 ~IP!TEILt:!7) 

STOP , 

164- I 

100 FORMAT(20~3~HG.G.LUCAS DEPT OP TRANSPORT TEC~~OLOGY/20X37HLOUG~SOR 
lOUGH U~IVERSITY OF tEC~NOLO'YI/118X39HVEHICLE PERFORMANCE - AU10MA 
2T IC GEARBOX/I) 

101 FORMA T U\OH 
I , ) 

102 FORMAT(IHOII) 
103 FORMAT/IOIO) 
104 FORMAT/20FO,O) 
105 FORMAT(IH0/~X7HNE~ RUNII) 
106 FORMATI6A4 ENGINE TORQUE LBF FT a POLV(IENGINE SP~ED)ltOOO) COEF 

IFICIENTS 4R:;:.) 
107 FORMAT(34H ~AXIMU~ ALLO~ABLE eNGINE SPEED .' F9.1,9H qEV/MIN/2iH E 

INGINE I~ERTIA SLUG SQFT = F8.4/) 
108 FORMAT(68H ENGINE SPEED/I 000 • POLY(ITC OUTPUT SPEEO)'tOOO) caEF 

IFICIENTS ARe') 
109 FORMAT/734 TC OUTPUT TORQlIE LBF FT = POLYI(TC OUTPUT SPEEO)/\OOO 

I COEFFICIENTS ARE) 
110 FORMAT(16H ~EAR RATIOS ARE/IX5GI7.8) 
I11 FORMAT(42H SPECIFIED GEAR CHANGE SPEEDS (MILE/H) ARE/IX5GI7.6) 
112 FORMAT(2()H ORIVE AXLE RATIO ~ FI0.5,S_24HROLLING ~AOIUS (FEET) a F 

19.5/4oH TOTAL ROAD ~HEEL INERTIA (SLUG'SQFT) • FIO.",X2IHTYRE GRn 
2WTH FACTO=l a, FI4.IOll 

113 FORMAT/154 VEHICLE WT L8F20X36HPOSITION OF CE~TRE OF GRAVITV (FEET 
I "FI2.1 ,25X3FI0.3//) 

114 FORMAT(30H VEHICLE DRAG COEFFICIENTS ARE3FI0.51119H, SPECIFIED GRAD 
IIENTIOX23HC~EFFICIENT OF FRIC'IONIOX2~HGEAR CHANGE TIME,,(SEC)/3(~1 
29.6.t2.)1) 

115 FORMAT(31~ INITIAL TEST SPEED (MILE/H) a F9.2/29H FINAL TEST SPEED 
'I (MILE/H) = F10.2/23H WIND SPEEO (MILE/H) • FO.2/1) 

116 FORMAT(30x2~HFRONT ~HEEL nRIVe VEHICL~II) 
117 FORMAT(30x2~HREAR WH~EL DRIVE VEHICLE/I) 
118 FORMATI2DX61H* * * VEHICLE MAY SLIP DnWNHILL WITH HANDBRAKE ONLV S 

lET. * ./11 
119 FORMAT/20x4~4. * * VEHICLE MAV OVERTURN IN FIRST GEAR .'. *11) 
120 FORMATIIOl43HTIME TO SPEED ON SPECIFIED GRADIENT (SECONDS) = F12.4 

1//) 
121 FORMAT/37~ ~AMIMUM SHP FROM TORQUE CONVERTER. FII.3,34H AT TC QU 

ITPUT S~EEO (REV/MIN) OF FI2.~II) 

122 FORMAT(534 !NGINE MAXIMUM SPEED LIMITS MAXIMUM VEHICLE SPEED TOFID 
1.2,8H MILE/HI) 

123 FORMAT(34H AAXIMUM VEHICLE SPEED (MILE/H) • FIO.2/) 
124 FORMAT(26H 1EGREE OF UNDERGEARING -FIO.5/) 
125 FORMAT(I2) , 
126 FORMAl/IHI) 
127 FORMAT(IDXIQHEND OF CALCULATIONS) 
128 FORMAT(I.5GI7~9) 
129 FORMATlIHO) 
130 FORMAT(3DH TURBINE INERTIA SLUG SO,FT • F9.4/) 

END 

END OF SEGMENT. L!NGTH 1045, NAME B058 
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SUBROUTI~E TIMA CTS,·1I1,1I2,G,CF) 
o I MENS I ON ET Cl 0), ES ( 10) , TCT ( 10), X ( 10), GCSf 10), OS(6), At C 6) , PUt.lP (10) 
COMMON ET.ES,TCT,~,GCT,OA~,R~,AO,BO,Ak,WV;W,AJW,AIE,KA,A,9,~,X~,NG 

I,NES,NTCT.NET,PI,VBS,GCS,TI.PUMP,Ol,D2,03,04,05 
DATA OSCt),rlS(:!),OS( 

13),DS(4·),OS(5)/1320.,1640.423,2640.,3280.846,5280./,AI(1),AZ(2),AZ 
2(3),AZ(4),A115)/dHI/4 MILE,8~1I2 I(lLO,8~112 MILE,~~ LKILO.,8H 1 
3MILEI 

011=2. 
NGEAR=\ 
NOIS-! 
AAI=O. 
F=O. 
TSL=O. 
OISFL=O. 
GYm". 
DISF .. O. 
T5 .. 0. 
COEOR=O. 
GCSCNG)·V2*1.2 
V=VI 
CC=SQRTCI.-G*G) 
BW"CF*"'/IA+~) 
IF(KA )", 13, 13 
ABaB 
HH .. -H 
GO TO t 4 

13 CONT! NUE. 
AB-' 
HH .. H 

14 C=AB*CC+HIoC*/I, 
WRIfE(2,too) . 

2. CONTINUE 
I F( ( 11 2 - V \ ) I ~ V _ 2 5. ) 0 , 1 , t 
OVIIOV/2. 
GO TO 2 
CONT! NUE 
KV.( 112-Vl )/!W+l. 
003 1«(11\,1(1/ 

'RhRR*( 1.+X~*(V*V-900.» 
IIWV=ABS (V+.WV) 
DF=W*(G+AD+v*BO)+AK*CV+WV)*VWV 
AN=D. 
GR=X(!) 
00 4 1-2,NG 
IF(V.GE.GCStl-I),ANO.V,LT.GCSII». ~R"X(I) 

4 CONTINUE 
IFCGY):l.5.0 
IF (G Y - G R ) I) , q , ° 
AN=GCT 
NGEAR=.I,/GEAR+ 1 
WRlrEi 2,101 )GR,GY 

5 GY=GR 
TYZ=OA1·GR/~X 
OGR=PI*15./660./TYZ 
IF(II-GCS( I) )0,24,24 
AlaNr.-1 
GO TO 23 

24 COWiINUE 



00 2' ,,,,,~JII 

IFIV.GE.GCSII-I).AIIIO.V.LT.GCSli» Ala~.G-1 
22 CONT PHJE 
23 CONrlNuE 

-TEF=.98*1 .9~-.000316.V-.0000058.V.V)*( .99758*11.-,607.AII-.0000879 
I*V*2.08**AI I 
EMaW/32.2+AIW/~R/~R.TI.TEF.IG~.OAR/RXI**2 

R=II/OG=l/IOOO·. 
T=TCTII) 
oTCDRaO. 
RPUMPaPUMP( I I 
IFIRIO.O.25 
oTCoRaTCTI21 
GO TO 17 

25 CONTINUE 
00 6 la2,NTe·T 
oTCOR-OTCOR .. ( I-I I.TCT( I 1.lh.( 1-2 I 

6 T=T+TCT(II.q"(I-I) 
DO 20 1102,5 

20 RPU~paRPUMP+PUMP(II.IR/G~I**II.I) 
17 CONT 1 NUE 

T=T-RPUII1P 
El'laES( I I 
OERoRaD. 
IF(RIU,Orl8 
OERORaESI21 
GO TO \ 9 

18 CONTINUE 
00 7 1.2,NEc: 
OEROI'I=OEROR+( I-I )*ES( 1)*1'1*.( 1-2) 

7 ER-ER+ES(I).R"(I-II 
19 CONTINUE 

IF(ER-VaS/lliOO. )8,8,0 
WRITE( 2, 102)V8S,V,T6 
GO '(0 15 

8 CONTINUE 
FPUMP .. PUMP 1 ;·1 
DO 21 1-701n 

21 FPUMP-FPUMP+PUMPCI1*ER •• 11-6) 
TEaETII) 
DO 9 1_2,NET 

9 TEIITE+E·T ( I ) .ER** C I -I) 
TEaTE-FPUI.1P 
TZaAIE.<OER~R.CoEOR)/TE 
TQa-OTCOI'I*R/2.+T 
TAa(T/TQ.OF*TYZ*TZ/EMI/(TZ*TEF*TYZ*TYZ/EM*t./TQ) 
TB-(I.+oF*TVZ·TZ/EM·)/(TI.TEF*~Yl*T~Z/eM+I~/T) 
ON.,(T-TB)/2./T 
ERaER*II.-oNI+OEROR*R*DN 
oNoXaES(21· 
oa 26 1-3,NES 

26 ONoXIIO~oX+I I-I I*ESI I ).CR.( I.+ON) )**< 1-2) 
COEDR-ONDX-nEROR 
T=TA 
TFaT.TEF·TV7. . 
PFaTF-,F 
IF (PF ) 0,0, I () 
WRITE( 2, 103 ITS 
RETURN 

10 CONTINUE 



- - - ~ .... J,G? 

F=PF/EIo1 
TFF=B~*(C+H~*F/32.2) 
FMAX=(ew*(Aa*CC+HH*G)~DF.W/2.*(AO.V*BD»/(W/32.2.AIW/2./RR/RR~BWt~ 

IH/32.2) 
IF(F~F~AX)lt,II.O 

WRiTEI2.I041 
F=FMU 
PF1IF*EIi 
TFaPF+QF 

. 11 CONT INUE 
AA2=IAAI+DV*22./15./F)/2. 
IF(V-VI )120'12,0 
TSa1 S+AA2+A"I 

12 CONTINUE 
AAI=DV*22 ./15 ./F 
VSaV*22./15. 
ERaEFI*IOOO. 
RFat,/F 
IF(V-V\ )0.2',0 
DISF .. DISF+(v~DV/2.).22./15.*(AA2+AN) 

27 CONTINUE 
IF (NO I S-6 ) 0.15,15 
IF(DISF-DS(NDIS))15,0,0 
ODa(DISF-DS(NDIS»)ICOISF~DISFLI 
TSD=TS-DO*(TS~TSL) 
ilOaV-DO*OIl 
WRiTEI2,\071 
WAliEC2,I061AZ(NOIS),VD,TSD 
WRli'E( 2,\071 
NOISaNOIS"1 

15 CONTINUE 
OISFLaOISF 
TSL=TS 
WR'TE(2,1051V,F,RF,VS~DF,NGEAR,TS,DISF,TF,PF,ER 

3 V"V+DV 
16 CONTINUE 

RETURN 
100 FORMAT(IHOI130X46H* • * TABLE OF TIME TO SPEEO CALCULATION t • • 11 

1113H SPEED ACCEL I/A.CCEt; SpEED DRAG GEAR TIME' 
20lSTANCE TRACT. AND PROPUL. FORCE ENGINE SPEED/91H MPH PTI 
3SEC2 SEC2/~T FT/SEC L8~ NO. SEe FIET Le 
4F LBFI3X7HREV/MIN/) 

101. FORMAT(IN020X23H* * • GEAR CHANGE t t tlOXI4HRATIO IS'NOW F10.4,1 
13H IT WAS FIO.4/) 

102 FORMAT(IHOloX3IHENGINE SPEED aBOVE MAXIMUM OF P9.1.9~ REV/MIN/5_ 
123HVEHICLE SPEED MILE/H .. F9.2,IOYI5HTIME so FAR IS FIO.3,3HSEC/) 

103 FORMAT(IHO/25X22HSET SPEED UNOBTAINABLEI/5X20HTIME SO F~R sec a : 
,IFI2.3/l 

104 FORMAT(IH03sx22Ht. t WHEEL SPIN * *. *1) 
105 FORMAT(2F7.2,FII.5.FB.2,FIO.~,15,FIO.3,2Ftl.2.FI3.2,Ft8.11 
106 FORMAT(IO~,48.2IH MARk PASSED SPEED aF8.2,3IW MILE/~, TIME APP 

IROX. SEC aFtO.2) 
107 FORMAT(IHO) 

END 

END OF SEGMENT, LFNGTH 961, NAME TIMA 
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InyestiUt loD . 

The invest1gation into paraJlletr10 ohaDges With automatics is 

not covered as extensive~ as With the IIamm1 gearbox in Part C. 

There ..re t;;;ree main reasons for this. The first is that IlI8I\T of 

the oonoluaions of Part C -l'ply in broad outl1neto automatics alao. 

The second is that the torque converter introduces a nev dimell8ion 

which extends the range of the llBl'ametars to be investigated quite 

considera~. The third reaaon is that, since the tlleo1'1 outUned 

in Soct1on F contaiJls a large proportion of new and orig1nal material} 

it was felt that the emphaa1s should be on the results of the theo17~ 

The 1'1rat p:>int to be studied is the growing practice of deleting 

tile rear fidd PlIlIP from the Borg-llarner 35 gearbox. This JlIlIDP 

suppUes fidd to the control system within the gearbox as a supple

lIIent to the i"ront PlIlIP. The particular am spea1.al i'unction of the 

rear pump is to supply the control system when the engine is 

stationary. TIms it is possible to "ptUlh-atart" a car fitted with 

e. Borg-Warner 3S having a rear pmp. A useful faa1.Uty whan the 

battEll7 is fiat or the starter system defeotive. 

Repeating the performance calculations on Vehiole B, this time 

with the rear p.unp deleted results in Fig. F6.l. Th1s shows the 



percentage gain in the time to speed against vehicle speed to 

be les9 than U for the important 1011 speed eDd of the range 

aDd a low percentage' gain at the high llpeed 1lJId. Certainly it 

is difficult to Justit,y ths removal of the r83l' pump on perform

anoe grol1Jlds, although doubtlellll it ma,y be Justified by econo:n1o 

considerations. Some provision should be made for starting a 

car in an ecergonCl" aDd it should be noted that a starting handle 

i8 not al~s successfUl. or desirable wen used vlth an engine 

Imving a torque converter. 

The neXt investigation in this Section conoerns a particular 

engine, having the f'Ul.l throttle torque curve shown in Fig. F6.2, 

fitted 14th several torque converters. 

Torque converter as/lA has a relatively high K-tactor and a 

1011 torque ratio at stall. Converse~, ssn has a'low K-fsctor 

and a high torque ratio. It bad hoen intended to use G7/lA as a 

third torque converter since it has a stall K-tactor about identical 

to ssn and a stall torque ratio about identical to GB/lA. However, 

it vas coDsidered more fruitfUl. to use a composite torque converter 

having the actual K-1'actor character!stics ot the SSll and the torque 

ratio characteristics of' the GS/lA. It ma,y well he that it is not 

possible to ma.nuf'actur81' such a torque converter, but the use of' 

this hybrid does enable certain conclusions to be drawn. The torqu 

converter characteristics are show in Fig. F6.3. 

\ 



Matching each of the torq11e converters in turn to the engine 

using program B07l produces the stead1 runniI18 output torq11e curves 

show in Fig. F6.4, am the engine speed against output sbaft 

speed curves of Fie. 16.5. 

The latter set of curves confirms that the steed7 running 

engine speed' curve is linked to the torq11e converter K-factor and 

is not affected b7 the torque ratio characteristic. The engine 

speed for the composite torqlle converter is identical to that of 

the SSll. A low stall K-factor resulting in a lOll engine speed at 

otall. 

The engine opeed curve for the GS/U risss stead1l1 up to the 

coupling point after which it is nearl1 straight at 8 slope of 4iJl 

approximatel1. The engine speed curve for the SSll and the composite 

torque converter remains almost constant until Just before the 

coupUng point. It then steepens coneidorabl1 to form the near 

un1t1 speed ratio after ·coupUng. This "dwellu in the curve is a 

direct result of a flat torq11e converter K-factor characteristio. 

Because, 

!!K ~ oonstant 
fig 

and hence Ns ~ constant at low vahes of torque converter spe~ 

ratio. 
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ConSidering IJOW the torque curves in Fig. F6.4. The curves 

for the as/lA and the san are as expected. The high stall. torque 

of the sau aDd its low coupling speed are in evidence. The composite 

torque oonverter hovever.' sb.ows that the outpnt torque is a fUnction 

of both torque ratio and K-factor. At low speed ratios. the torque 

curve follows closeq the GS/U but. as the coupling point is 

approacb.ed, it is seen to follow the san torque mirve. The 

conclusion is therefore, that the stall torque 10 governed almost 

exclusiveq by the torque ratio but that at the coupling point, the 

output torque is determined by the K-factor characteristic. further

more, the output opeed at coupling is shown to be largeq a fUnction 

of the K-factor charllctaristic. This is shown by the small change 

in output sbaft speed at coupling betueen the sall aDd the composite 

curves in Fig. F6.4. 

The difference in the effects of the three torque converters 

upon vehicle performance is amali. Table F6.1 summarises the results 

of using the Vehicle performance program B058 as a means of COmp3rillg 

the performance of tb.e three torque converters. The vehicle ueight 

used woa 2799 lbf, drive axle ratio 3.538 in conjunction with the 

Borg-Warner 3S automatic gearbox bav1Dg ratios 2.39, 1.45 aDd 1.00. 

This Table shows that all three torque converters result in 

wheel-spin at tako-ofr, but that the sall vheel-spin pers1sts a 

little longer then that of the other tw. This is a direct result 
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of the high torque ratio at still. The coefficient. of' friotion 

between tyre and road vas taken as 1.0 in all three cases. 

TOl'que converter aa/lA produces the best time to spe8d, 

followed b,y the composite tOrque converter. The differences, 

however, are quite small. 

The engine speed with the composite is sUghtl1 different. to 

that with the SS.11, perticularlJ' in regions 01' high engine 

aoceleration. However, this difference 1s small. The engine speed 

with the GB/lA is higher, pa.\'ticularlyat take-off. 

A stud7 of Table F6.1 in conjunction with Fig. I16.5 reveals 

that the coupUng point is reached at 19 1l11e/h. in first gear with 

the composite torque converter and that the engine speed is above 

the coupUng point. 1n sscond aDd top. Using SSll results in a 

similer coupuni point: at 17 mile/h. in first gear onl1. With GS/lA 

the vehicle speed at the coupling point 1s high at 25 mile/h. in 

first, 42 mile/h. in second and 60 ol1le/h. 1n top. The efficiency 

of the GB/lA therefore, is lower at the lower vehicle speeds than 

the other two torque converters. 

It must be appreciated that the performance criterion plays a 

small part only 1n the cboice of a torque converter. Cons1derat1ons 

of no1se and or ~~e.llg1ne Di'UssioossD are more important. Neverthelesll 

the performance calculat10ns sbould be performed. 
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The matching st~ theo17 is well Imovn. U~ polynomial 

=ve fits in order to effect a .-atch Idth a ~tal I:OI!I;;.uter .loes 

:lOt detract i'rvm t.he accuraq' of a =tch. It is DOW de~able 

therafore, to 'stuq the accuracy of the new thSOl7. This uses 

the polynomial curve fits to calculate the effect of eDgj ne inertia 

upon a match and to make due allowance in vehicle performance 

oalculatione. ,The new theo17 makes two corrections. The first 

is to deduct the inertia torque from the e~ torque and to 

calculate its effect at the torque converter output shaft without 

chaDge in match. The second is to recognise that a drop in engine 

torqUe level must result in a cballge in the match betllllen ell,;!1ne 

and torque converter and to correct accordingly. 

The accuracy of these two corrections mB¥ be assGssed individually 

as follows. First, by setting engine inertia le = 0 causing 110 drop 

in the stead¥ state eDg1ne torque and no mis match. BellCe the 

accuracy of the two corrections comb1ne!i may be, assessed. Secondly, 

by setting '?JT/ ()No = 0, thus assuming 110 mis match only. 

Fig. F6.6 shoml the calculated peroentage chsnge in time to 

speed and engine speed of vehicle B fitted vith a 225R torque 

converter as a result of setting the eng1J1e inertia. at zero. This 

suggests an error of some 8% in the time up to the mid-speed range. 

Tll1s error decreases coneiderably as maximum '?Ghicle speed is 

approached. The error in engine speed is about 2% at low speed 

deoreasing rapidly to a negligible error. 
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Hence, mrudng DO allowance whatever tor engine inertia and 

taking the steady state outJll1t torque from the match study without 

mod1fication, results in quite a small error in the time to speed. 

The error ls less than that incurred by an WlrealiStiO assumption " 

regarding transmission effio1en01. 

Setting the slope of the outJll1t torque curve at zero and 

repeating the' performance calculations results in Fig. F6.7. This 

shows that making no allOWllllCe for the mis match caused by the engine 

inertia torque produoes very Uttle error in the time to speed. The 

roox' CUlm error is onl¥ 0.2$. 

Fig. F4.4 in Seotion F4 shows that the calculated engine speed 

is lower if no allowance is made for the mis IDAtoh. Fig. F6.7 

suggests that this error is 5~ approxlmately at the end of the first 

gear range.' The error decreases rapidly as vehicle speed increases. 

Since the new theory makes ample provision for both engine 

inertia itself and the change in the match between engine and torque 

converter caused by eJJg1ns inertia, it may be used with confidence 

for vehicle performance calculations. 

FiDally, it should be mentioDad that DO comparison between 

calculated and test performance has been made tor five reasons. 

1) fev automatics are tested by the semi-techD1cal press. 

2) part D, AppeDd1x as shows di;screpanc1es in the tests 

carried out by the semi-technical press. 
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.3) the Department of Transport Technology, Univereity of 

Technology, Loughborough, hae not yet developed the 

lrl11trwaentatlon In order to e&rr7 out performance tesW. 

4) the automatio version of Vehicle B has been tested by one 

of the Motoring magazines, but it le apparent toot the 

take-<lff procedure Is different to the more obvious 

technique assumed In the theory. That Is of deF,Bsa1ng 

both throttle pedal !lId brake pedal ODd releasing the 

brake at t = O. Rence, no real comparison is possible. 

5) It must be cont'essed that the expression used for 

transmission eff'icienoy in the pert01'lIlElJ:lCe we:llationa 

ot automatios is simply m ot that used for mannal 

transmissiona. The 9~ has been inaerted irrto the 

expression in order to take some aocount ot' the higher 

oll churning lossee in the automatio gearbox. It has DO 

experimental becld.ng. 

In the absence ot' 8I13 experimental evidence, the BSSIlIIIpt10ns 

regardiJlg transmission efficiency eeem reasonable. But Fig •. F6 •. S, 

a plot of tilile to speed of vehicle D assuming lOOJ transmission 

efficienay in comparison with the efi'icianay given above, 

omphasiees the importance 01' transmieeion efficiency in these 

calc:ulationa. The max1 J!P1m speed of Vehicle B IISsuming l~ 



transmission effic1ency is 101.5 mile/h. compared with 97.5 mile/h. 

assuming 9~ of tbe manaal transm1.ssion efficiency. Tbe decrease 

111 time to speed may be as IDIlcb as ~. 

This, therefore, endorses tbe conclusion reacbed in connection 

w1tb manna] transmissions, that researob efforts IDIlBt be ohannelled 

into evolving a sstisfaotor,v expression for transmission efficiency 

in order to increase tbe aocuraoy of performance calCllllations. 



SECTION n 

CgpolUSioP9 

1) The match between an eng1Jle and a torque converter m.ay be 

described adequately using poqmmials. 

2) This match atud7 is beat conducted separatel¥ froe the ma1n 

vehicle performance calculations. 

3) Performance itself is a criterion in choosing a torque converter 

for a particular engine, albeit, not a V8I7 important criterion. 

Considerations of noise am engine speed are more iapclJtant. 

The matching program B07l is capable of yieldillg engine speed 

data. In this connection, it m.ay be of advantage to repeat 

the match stud7 at differing throttle angles throughout the 

engine load range. This endorses conclusion (2) above. 

4) The results of the steadl state matching study mal be used 

in vehicle performance calculations in conjunction with the 

theoI7 developed to alloy for engine inertia. The thsoI7 is 

proved and is adequate. 

5) A full parametric study of vehiole performance ill possible 

with the minimum of compltation. This is because a separate 

vehicle performance program (0058) is used which accepts tl 
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results 01' a prev10us I3lltch stuc4' betweon eng1~ and 

torque converter. Tbe nev tbeory avoids tbe necessity 01' 

repeating this match study. 

6) Research is requ1rec! in order to provide an accurate 

expression for transmission effic1ena.v. 
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SEe'l'ION !Jl 

Future Work 

a) Transmission emci'ngy 

It 1B thought that the greatest barrier to more acourate 

vehicle performance calculations is the lack ot knowledge on 

transmission efficiency. It is not surprising that this lack 

exists because the efficiency ot a transmission la diffiCl1lt to 

measure. Ons is faced with the 1I18asurem.nt ot a small difference 

betwe.n large quantities. 

The b&S1c expression used throughout this work looks reasonable, 

but its toundations are sbak;y. It is shown in Section r6. Fig. F6.8, 

that a small change in the expression for transmission efficiency 

has a marked eUect on the calculated time-to-speed ot a high 

performance automatic transmissioned car. Fig. Gl.l shows the 

corresponding curves for the mam1Il' version ot vehicle B, vbile 

"Figs. Gl.2 and Gl.) show the curves tor a low performance van 

(vehicle A) and for a commercial vehicle (th. Midland Red Coach), 

respectively. Tbell. curns emphas1se the importanc. ot the need for 

an accurat. expression for transmission efficiency in whicl. perform

ance calC11lst1ons. 

It Is t.bought that ssparate expr.ssions llbould be sought for 

g.arboxes and drive-axles and that these should cover both motor 

cers and commercial vehicl.s with, and without, automatio transmissions. 



Such expressions should be more than a s1mple 1'wlctioD 01' speed 

and gear mmber, as bae been used tllrouehout. this 1IOrk. It should 

at least be of the form 

1'1 = ~(illJlllt speed, inJ;ll1t torque, gear ratio 

end viscosity of the 011) -Gl.l 

Until. this work has been done, it is not worth v01T11Di too 

much about proving teats to esta!Uish the accuracv or otherw1ae 

ot the performance programs except. in so tar as the comparison 

betwe«m road tests and theory could be used to provide ill!'ormation 

on the transmission effio1encv. Embell1shments to the compIlter 

programs to include the etfeate at the change in the reaction . forces 

at the vheels dUe to aerodynamic Uft and pitching moment or the 

refinement.s at SUbar and Desoyer (SS) caJllIOt yet be considered. 

Their inclusion would be meaningless at this stage. 

Some work has been done already in the Department at i'rBllSport 

Technology, LoUf:hborough University to measun gearbox translllission 

eft1c1encv usillg a "four-squarell or "back.-to-bsak" rig (118). This 

has been hampered by the lack of accurate torque measuring devices. 

It is proposed t.o contil!l1e this work aDd to ext.eIId the field to 

cover other types 01' transmission. 
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b) Vehiole instrumentation 

Work is to cont1nue on the development ot the two systems 

employed by the Department ot Transport Teohnology, Loughborough 

University ot Technology. One is a Dt1f'th wheel8 devioe ot the 

dig1tal type. The other wrks on the Dobbler Radar principle and. 

oonsists ot a small torclJ,.JJ.ke device which cUps onto the front 

ot a vehicle and shines obUque17 down at the road. The immediate 

task is to use tbe deoeleration test to devalop tbe technique and 

tbe data boMB og ot these methods. The lollg term aim is to employ 

these methods tor measurement ;It vehicle speed during road tests, 

particular17 tbe ditficult condition ot brek1D8~ 
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0) Allqvance for Ambntit co""Stiolll 

Part C shova that v1.IId speed, !llBbient pressure aDd temperatUN 

and under bormet temperature can haft a significant effect on 
, 

vebicle pertorBlllllCe. It is propose:! to use the vebicle performance 

complter programs to develop a technique to correct the results ot 

vehicle performance tests in mob the same sort of way that eDgine 

test-bed results are corrected for ambient conditions. 

It is thought that this can bast be done by us1Dg the computeJ' 

programs developed in this thesis for a range of vehicle types, 

rather than who~ by actual vehicle tests. This \IOUl.d avoid 

splrious results. The developed correction procedures must, however, 

be subjected to practical test before they can be aooepted. 

Sim1larlJr, it is proposed to extend the vork of Part J!j to 

consider the efrear. of ambiellt condtt1ol11 on the 1'I1el consumption 

of vehicles. It may be that this 101Ork cannot be complete before a 

mathematical model is developed describing the eDgine oharacteristics. 
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d) Eng1p! 

Work is In hand to demop a data hsndl1 Dg slstn for engiM 

test bed vork. This faa1lity Is In an a4vanced stag. of develop

ment and vUl af'ford engine t(lrque, eng1n. spelld, a1r nov rate and 

tuel now rate readings on paper tape. This m8ll118 therefore, that 

DBIV" rea41ngs oan be taken and a cllgltal computer used to process 

and plot out the eIJg1ne cb!lracter1Btlos. It 1s hoped to use this 

facility to Investigate the effect of a small engine acceleration 

on the torque output curve by slowly 1'lUUI1Dg the engine up through 

its speed rtlDge and by logging torque and speed contlllUOUsl]'. 

J\lso, It 18 hoped to stud;1 in more detatl the effect ot oil temp

erature on the torque output curvw. 

Effort must be direated to providing a mathematical model of 

typical engine characteristics. It is thought that this will prove 

a very usefUl tool In the effect of perameters, such as BDgine slze, 

engine type, engine modif1oations, ambient coDd1tions etc, on 

vehicle tuel cOllSUlllptlon. Coupled w1th this, it io proposed to 

study procedures tor the use of IIOl>od1mensiolllll parameters to 

describe the oDg1ne. 

Part E .bows that reducing the aerodyll8l!d.c drag coeffioient of 

a vebiole can have a significant eftect on ruel conaumptioll and 

points to the engine cooling oystem as an obvious and WlWIIlTanted 



source of drag. Attontion I!lUSt be paid therefore to a emoted 

oooUng system Ill! a means to reduce or ellll1nate this drag. 

Other work, \Ih1ch may not be COMuated at Loughborough, 

should be d1Zeated into devices to improve the obaraatoristios 

of gas turbin. e1lgines, since Part E show that "they hava a future 

with very large comQel'o1al vehicles \Ih1ch could be extended "to 

small vehicles. 

Part E show also that work should be directed to the develop.. 

ment 01' a stratified charge engine, or to s. quiet, Ught ",-eight, 

compression ignition engine for use In motor cars. 
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e) 1lEK 

There 18 evidence that a .econd ordC' POl.7nom1al expression 

IIq no1l be sufficient to describe the drag of a IIOtor vebiole. It 

la shown ln part; B that lt ls an approx1matlon onl1 to describe 

the roll1ng reslstance by a collltant tera or by an • .xpresslon 

l11113r \11th whicle velocity. FurthC', by treating the aerodyn8m1o 

drag ca though lt wre all normal pressure drag, 1ntroduce. 80_ 
small error. It ls proposod to stuc'JT other possible drag expresslons, 

say, h1gbe order polynomials, 1101118 the deceleration test and 

veh10le lnstl'UliOmatlon developed at Loughborough. 

Detailed York on roll1ng resistance ls belng conducted by the 

tyre IIIlIllUfaoturcrs and others. It ls expected that this, uslDjJ tyre 

rigs such as that desoribed by Seld et al (95), \1111 lend to the 

need to defilUl moo more ol08e~ tbe tll1'lll "roll1ng resistancliln• 

Perhaps on tbe 11nes suggested by S11b1w 8~d !lesoyer (SS). Tbe 

most pressilli aspect of th1s work, from the polnt of viev of veh1cle 

, performance calcalat10DD, ls tbe 81'1'lIot of torque translll1asion through 

tbe tyre on the so-oalled rol11ng resistancs. Tbe Uma is approach1ng 

wben th1s must be included ln a~ calculation teobn1que, partiClllar~ 

for cond1t10ns other than the Di'Ull throttle" condition. 

An lovestigution should bo oowuotGld lnto the DuDlop expression 

for tyre growth. Using tbe Sl1bar and Desoyar very funilAmental 

IlpP,I'OaOO, such an expruslon MOCHS UIl1lBCleSSary. It being replaoed 
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by the stiffness coefficient etc. Section 03 show the effect 

of tyre grovth to be V.r'f SIIIllll, blt the dependence of tb. llII.nlop 

formula on the dat1llll speod o! 30 E1le/h appears w,'b1trll1"1 am 

artificial. This caUlled somo slll8l.l dlfficulties ln Sect10n 03 

(see Fig. 03.2). Pogosbekov (6S) shove that the clU!Jlge of the 

rolling radiUll of 1\ tyre with speed 1. lnev.ltsbly tied up with 

sUp. For the sake of completensss therefore, this matter, together 

with the effect ot torque transmission, should be rev1eved. 

387 



t) Vehicle tak!=9ft 

The mechan1sra of torque transmission through 8 sUpping clutch 

during taQ-off, \!he8l-apin aad hill starts ls DDt fully ucdvstood. 

This matter requires closer stuclY backed b7 experimental mElaaurelllents. 

SUch a stuq should )'iald a better techn.1.qua tor the calculation ot: 

vehicle perfomance &1r11:18 clutch sUp. Ho~. ouch a study ls 

desirable and opportUIltl in ita own rigt.t because ttw time taken tor 

a vebicle to cover 8 sllort distance ln the 1111 tiel stages of a fUll 

throttle acceleration run ie 11~ to bacom. an importanil performanc. 

parumeter. SUch a parameter is uoed b.J Setz (78) llDd allould leer.as. 

in promioocc. as traffio dsnalty inat'eaeGs 0lId speed l1m1ts decrease. 

The CIlIIphallia 1n thio country ocemo to be I:lCving quite rap1d~ from 

maximum speed to nll1pp1ness". 
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g) Oi'!-th!!=1pnd-'l!!hicles 

Tl:d.s aspect 01' wb1cle pertormance calculations appears to 

be too epec1ol1eed for aD1 general treatl:lent. Others (Reece; 

Bekker etc) 81'e coDduct.1ng detailed etudiee 1JIto the e1'foat 01' 

plastic ground on vehicle drag. It le proposed there1"ore, to keep 

abreast 01' new YOrk in the field alXl, poesiilq, to seek to 11rnst

igate the performance 01' a partlcular type or clase ot vehicle 

1.lZIder oontract. 

- ---------
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h) Effect of trane1ents on fuel 9OD!i11!ption 

'lhe prediction of ateady-state fUel consumption 1e rtasoll&b17 

olear and etra1gbtf01'V!l1'd. Solle work ie requ1red to taoU1tate 

pal'aDtrio studies (see Sub-s8otion cl) above)'. The probl .. DGV 

arises on bow to use tbe ateady-atate fuel COll8Wllpt10D to give tb8 

fuel consumption returned by • ~cul.8l' dr1 ver over a p81"tloul.8l' 

route. fh1e caald be achieved &pp:tOx1IIate17 b7 uslDg the "oentre 

of oporation" tech.ll1que ed1jl)C3tsd b7 llr'. GUos (61). Cut it 1& 

tbongbt that a mcb closer in1ividual s~ should first be mad. 

into affacts of the fuel lnjeotio1Voarturatlon 6Y&te .. dr1vezo 

teohnique, terrain acd vehicle weight. Section iS5 suggests that 

this latter po1nt, vehicle weight, ~ have considerable effect 

am, therefore, shoula DOt be ignored. 



i) Automatics 

Sine. the development of ~statio transmission Bystems 

v1ll conti~ and may soon become a reality, vork should commence 

on olassif)1ng the t;vpes of II;ydrostatic systems and on des1gn1Jlg 

suitable vehicle parfo1'lll8.11Ct1 calculating techniques. It is expected 

that such techniques vUl employ the wrks of MacII111an (92), Ott 

(1,2), White and Cbr1stie (86), Ishihara and Emor1 (85) 8lId Mscm1llan 

end Davies (91). 

The techniq".18 of. torque converter des1gD outllned in th1s thesis 

aed pibUshed elsewhere (44) may be improved b:Y reference to the 

results of rig tests. It is thought that some attel!lpt should be 

made to hase dosign calculations OD a realistio three dimensional 

flov through the tol"que converter, rather than assum1ng a amean path· 

flov. 

Also, on the subject of torque convertors, vork is required on 

the study of the nover-.ru.nD condition, 'When the vehicle drivos the 

eng1J18 through the torque converter. Aa far as is known, DO attempt 

is mado to predict the behavi~ of th& torque converter in this 

coMition. 'lIB torque converter design is modified if it is found 

unsuitable in the over-.run con61tion during development. .A realistio 

theor;v, whioh cculd be an extenaion of the vork of Lucas and Rqner 

(44), wuld eneblG a better optim1eation of the torque converter 

design to be made at the design stage. Experience has show that 

to attempt to avoid this condition, b:Y providing a free-wheel betveen 

engine and transmission 'Which "locks-up' on over-run, does not afford 

a sstisfacto17 solution. The large change in engiJ18 speed between the 

over-run end the subsequent normal drive condition is gensrall7 

unacceptable. 
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APPENDIX Bl 

Ppl.ypgm1al Cum Fit (BO'19) 

The program listed below uses the -method of least sqt1aresD to fit 

a curve, first of order 1 aJId suooess1~ lncreaslDg the order tu 

1, until a curve of the specified order ls fitted to the data 

supplied. The speo1fied order must IIOt exceed 15 and ol1ould not 

exceed 10 lf IU\V of the data ls outside the range .01 to 100. 

This is because aooureCT ls impaired it large or small III.lIDbers 

are rs1sed to high po1oIBrs. 

Imntdata 

Card I in free fixed point format ISll2, ISW3, }lCASES 

ISW2 sat at 1 it the polyDJm1al coefficients for eaoh of the 

orders fitted up to aJId including the speoified order , 

are to be printed. If the coefficients of the specified 

order only are required, set ISW2 = 0 

ISW) set at 1 if the table of observed versus calculated 

values are required for eaoh order up to and including 

the specified order.' settiDg IS\/3 = 0 produoes the 

table for the specified order only. 

NCASES Number of separate sets of data to whioh curvea are to 

be fitted. 

Card 2 Headillg card, omit column 1. 

Al\Vthing contQl~ed on Card 2 will be printed out as a 

title in the outp!1t. 



Card 3 Free fixed po1nt tOl"lllat Il. LAST. 

H 1e the mmbel' ot data points 1 

LAST 1s the specified order 

Card 4 Free f'loat1ng point format 

Xl' Y1. %2' Y2' ~3' Y3, ~ Y4 ~tc. up to In. Ys 

If SCASES is grQater than 1, repeat from Card 2 • 

. outPUt (on 11ne printer) 

After the he8!i1ng, the pol91YJ1Omiel coefficients are pr1nted 

1n E-format to 9e1gD1ficant ~es. This 1s followed by a Table 

conte1ning the read-in X-values (1ndepeDient variable), the read-in 

Y-values (dependent variable), the calculated Y-values ue1Dg the 

fitted polynomial aDd fine1]y the difference between tho calculated 

and the read-1n Y-values. 

q.o7 
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FO~T~AN COMPILATI'N BY ~tF4S M~ IC 

.FO~T~AN 8079, G.G.LUCAS CU~VE FIT 
MASTER SOH 
DIMENSIC1N XftOO),YII001,CO'::llfo) 
COMMON X,V,eI'JF 
READI 1,101) ISW2, ISW!\,NCASES 
DO I IC4SEc\,NCASES 
WRITEI 2,\00 I 
REAO(I,102) 
wRITEI2,\02) 
WPITEI 2,\03) 
READt 1,101 )'1,LAST 
READlt,I04)fXII ),VII),r-I,N) 
CALL POLY IISW2,ISW3,N,LAST,O) 
CONTINUE 
STOP 

DATE 2&/01/68 TIME "/48/54 

100 FORMATtlHI45X20HPOLYNOMIAL CURVE FIT/I) 
101 FORMATI6101 
102 FORMATt80H 

I 
103 FORMATIIHI'JII) 
104 FORMATI200FO.0) 

END 

ENO OF SEGMENT, L~NGTH 95, NAME 8079 
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lot, 

... 

SUBROl/TINE ~OLY I!S,12,Jsw3,N,1 AST.lP) 
01 MENS! ON X r I no) ,Y I 100) ,cnF I I A), A 111,,7) ,SlIMW (51 ) ,SlJMV 11 7 ) 
COMMON~,Y,r.r)r 

70 $IIMW (1)-0. 
SlJMX(2)-(1. 
SI.lM~ I ~ )a(1. 

SUMYI\).O. 
SUMY(2)IIO. 
D0901-I,N 
CXIIXII) 
CV"V(I) 
SUMW I' )c:SLJMt 11 )+1. 
SlJMW(2)aSlJMwI2)+CW 
SUMX(3)=SUMXI3)+Cx.ex 
SUMVII )aSUMVll )+CY 

90 SUMY(2)aSUMVI2).Cx.CY 
NOROal 

91 L=NORO+! 
KI(=L+I 
DO 101 1=l.l 
DO 100 J=I,L' 
I~IIJ-I+I 

100 AII,Jl.SUMXIII() 
101 AII,K~)=SUMVII) 

DO 140 l"l,l 
AIKK,J)II-I. 
KKK=I+I 
DO 110 Jal(l(~,1(1( 

110 AII(K,J)IIO. 
C= 1 • I A I I , I ) 
DO 120 11-2.1(1( 
DO 120 J .. I(I(I(,I(I( 

120 AIII,J)aAIII,J)-A(I,J).AIII,I).e 
DO 140 II=I.L 
DO 140 Jal()(I(,1(1( 

140 AIII,J)aAIII+I,J) 

1'0 
II!IO 

161 
163 

11!I4 

155 
167 

S2 .. 0. 
DO 160 Jal,~ 
YJ=Y(J) 
XJaXIJ) 
SI=O. 
SI=SI+A( 1 ,I(~) 
DO 150 1=1,~OIlD 
SI=SI+A( 1+\ .1(1( )'XJ.*, 
S2=S2"ISI-YJ)**2 
S2=SQ~T I SV\I) 
IF I IS~2) 151,161,163 
IF INO~O-LAST) 171,163,171 
W~ITEI2,I02~)NORD,S2 
WRITEI 2, 109) 
DO 164 1=I,l 
J=I-I 
COFI I )dl /,'(1(1 
WRIT El 2 , I 0 3 ~ ) J , A I I , < I( ) 

IF 1I~,o/3) !5!io\65"67 
IF INOQD-I_A~T) 17\,\67,171 
WRITEI2"IOO) 
DO 169 I-" 'I 
51-0 . 
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168 

169 

111 

SI"Ael,I(~) 

00 161\ J" I , o,jO~O 
SI=SI+AeJ+I.1(1( ).X( 1 1**J 
S3=yel)-SI 
WRITEe2.I04D)X(1 ),vel I,SI,S3 
IF (NO~D-LA~Tl 171,17~,173 

NORDI:NOllD+1 
J=2*No~n 
SUMXeJ)"O. 
SUMX(J+I )"0. 
SUMY (NOIlO+ I) "0, 
DO 172 1"1 ... 
ex"X(I) 
CV:VCI) 
SUMX(J)"SUM~(J)+CV.·(J-I ) 
SUMX(J+I )"SUM.(J+I )+CX"J 

172 SllMV(NORD+IIIISUMV(NORO+l )+cy.eX"~ORO 
GO TO 91 

173 CONTINUE 
1020 FORMAT(ln.~~OROER • 13,'X2'HR~OT MEAN snUARE ERROR. Etf,B/l 
1090 FORMAT(IX3H"O,IOXII~COEFFICIENT) 
1030 FORMAT(13,F.,3,9) 
1100 FORMAT (11XIHXt9XIHVI6X5HYCALCI9X'HERRORl 
1040 FORMAT (\X4=20,8l 

RETURN 
END 

ENO OF SEGMENT, L~NGTH 801, NAME POLY 



Eynluation of a Folipomial (8054) 

The program Usted below accepte a eet of pol¥nomial coe1'f:l.c1ents 

and evaluates the polplomlal functlon between tllO values of the 

ll1dependent variable ln spec1t1ed steps. 

Input data 

Card 1. 

Card 2 

Card :3 

Card 4 

Card 5 

Heading card, omit column 1. 

''CV data on oard 1 (except column 1) will be prlnted 

out as a tltle. 

Free t1xeCI point format nc, NP 

NC ls the mmbar of polynomlo.l coeft1c1ents (l.e. 

polynom1al order mmbar plus 1) 

NP ls tha mmbar of points to be evaluated. 

Free floating polnt format STEP, DlIT.' 

STEP ls the step length between the value of the 

lDiepeDdent ~ble at each evaluation. 

XNIT ls the 1n1tial value of the 11'ldependent variable. 

Free floatlng polDt format 

The polyJIomial coe1'f:l.c1ents starting \11th the constant 

coeft1c1eDt. 

If program ls to be used again immediate4r ulth fresh 

data, put a posltlve or negative integer ln COlumns 

1 and 2. If evaluatlon la to eDi, laave Card 5 bllUlk. 

411 
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FORT~AN CO~PtLATtO~ BY MXFAS M~ ID DATE 2'IOI/~9 TIME 13/23i~8 

*FORT~AN B054. G.G.LUCAS EVALUATyON OF A DOLYNOMTAL 
MAnER A054 
DIMENSION C(11) 

I CONTINUE 
IJR!TP.(2.IOOl 

'00 ~ORMAT<'OX~7H!VALUATION OF A POLYNOMIAL eXDR@S~IONII) 
REA D (1 • , 0'9 ) 
IJR!TF.C2.1091 
IJR!T~C 2.1 I 0) 
READC' .10l)I\IC,NP 

101 ~ORMATC5TO) 

C NC IS NUMIER OF COEFFICIENTS CORDeR + I). NP I~ NU~BeR OF POI~TS p 
IIEAD(1 .102)~T!!P,Xt"'T 

102 ~ORMATc'IFO.O) 
C STED-STEP L~NGTH,XNIT-INtTtAL VAluE OF !NDElle~DF~T VAAIABLE 

READ<1.102)(C<I),t.1,NC> 
IJRITEC2.103) r 

103 FORMA Tc28HOPOLYNOMIAL CO!F'ICtINT9 AR!/) 
,,0 2 I_l,NC 

Z IJR!T!<2.1(4)C(I) 
104 FORMATCEI9.8) 

WR!T!(2.105) 
105 ~ORMATC'~010x20HINDEPEND!NT VARtABLE10X18HnePENDENT VAR!ABLE/) 

X-XNtT 
DO 3 J_, .NP 
v-Ccl) 
DO 4 I_Z.NC 

4 Y-Y.C(!).x •• CI~') 
WRITEC2.106)X,V 

'06 FORMATCF25.6.P32.6) 
3 XIOX+STEP 

READc1.111)JJ 
III FORMAT(l2) 

!FCJJ)0.5.0 
wR ITE (;!.1 O?') 

ID?, FORMATc,3H, N!W RUN/I) 
GO TO 1 

5 CONTINUE 
WRITEC2.'10) 
WRIT!C2.1081 

108 FORMATc21HO eND OF EVALUATION) 
, 09 FORMAT C 80H 

I ) 
1'0 FORMAT(1HO) 

HOp 
END 

!N~ OF S@GMENT. LFNGTH 205. NAM! 8054 



APOOlDIX B? 

Eguiynlent Mass of a Vehicle 

At a particular eDgine speed during an acceleration run, the 

torque deUvered by the engine ls, negleotlng trl1llS1ent effects, 

the measured steady rwm1113 torque l!Wi that required to acrcelerate 

the engine. Therefore, It can be ll1'1tten that 

force on vehicle = (T - Te) x ?T x PAR x GR lbf 1 
rr 

'1'e ls the torque required to accelerate the eng:l.ne and 1s given by 

'le = le x PAR x GR x f 
rr 

le = engine inertla slug ft? 

DAR = drl ve-axle ratio 

GR = gear ratl0 

--2 

rr = rolUng radius of drive wheels ft 

f = vehiole acceleration ft/seo2 

equat10n 1 ~ then be re-lI1'1tten as 

foroe on vehicle = Fr - le x 7 'l x (PAR x gR)2 x f - 3 
( rr ) , 

where Fr '~l '1' x ? r x DAR x GB and ~ be termed the "traotive 
rr force" - 4 

'This force on the vebicle is required to accelerate the vebicle 

mass Itself, the inertia of the road Wheels and to overcome the drag 

force Fd whence, 

FT - le :It 1 T x (PAR x GB)2 x f = (i1iv + 1.. ) f + F d - 5 
(rr) (~) 

r 



therefore the propllsive force on the vehicle 1s 

Pp = Fr - Fd = f. (iI1" + Iv + le l[ ? T l[ (DJR l[ GR)2) - 6 
~ ~ (rr)~ 

Comper1son with 

Fp = f. 1\ ---..7 

yields that the equivalent mass of the vehicle 1s 

-8 



WheM smp 

In this append1%, the equatioJIII govern1ng the theory of wheel 

spin contained in section 8, part B are developed. 

Wheel spin is sn1d to occur when the dr1 ve force et the dr1 ve 

wheels is greater than the llm1ting tractive force. 

The l.1J:d.ting tractive force, for a rear wheel drive vehicle 

is 

Fl = P-.!L..(a.cos G' + h(sin B+:» lbf 
(ii+liJ( g ) 

-- (1) 

and for a front wheel drive vehicle 

Fl =.I,A-L (b.cos B - h (sin GI + :» lbt 
(a+bH g ) 

-- (2) 

(these expressions can be derived from Fig. Ba.l section S, part B.) 

The drive force at the drive wheels ia obtained b.v aubhacting 

the accelerating icert1a torque of tho eDBine from the steaqy 

running torque, factorlog this 1:1.1 the transmission eff1c1enay and 

the product of (gear ratio x drive axle ratio), subtracting the 

accelerating inertia torque of the drive wheels o~, dividing th1s 

torque 1:1.1 the rol.l1n.g radius, froIJ which is subtracted the rol.l1Dg 

resistance of the drive wheels onl¥ • 

. : .Sjd~ accelerates the vehicle IJaBS and that of the tree road 

wheels, overcomes the aerodynamio drag ani the aradieDl; term in the 

drag equation BDd finally catars for tho rolling resistance of the 

free rond wheels. 



Thus, for a conventional type of vehicle havillS bali' its 

road wheels as drive wheels and JIO slippage between drive wheels 

and road, 

drive force = t fR + Iv ) + Aerodynamio drag + W.1 
g ---.) . 

2 x (rr);') 

-+ R (Ad + Bci.V) (3) 
2 

which is equivalent to 

drive force = f (H + !Ji ) -\- Fd 

.. .. ~g 2 x (rr);~ 

The max1rmllll possible vehiole acceleration is obtained by equat1Dg 

the drive force to the l1m1t1ng tractive force produc1Dg, in the 

case· of the raer wheel drive vehicle 

= ~H (a cos9+ h sing) ... Fa+H (Ad+Bd'V) 
(11+. b) . 2 . 

R + !!it _ ~ V.h 
g 2 x (r )2 g(a" b) 

r 30 

and for a front wheel drive vehicle 

R + 
g 

+ 

--(5) 

__ (6) .. 
:~ .... 

The Tables A.B3.l to A.B3.4 given below list a proportion ot 

the calculated values at 11m1t1ng traotive force. 

The Tables A.B3.S and A.B3.6 list some results of maximum 

vehiole acoeleration calculations. 

j 



The nb1cle particulara used in the calculations ere that 1-

waight . W = 2128 lbf 

rolUng rad11l8 (rr)30 = 0.94 f't 

total vheel iDertia Iv = 1.96 slug tt.2 

position of centre a = 3.70 it 
of gravity 

drag coefficients 

b = 3.85 it 

h =·1.66 it 

Ad = 0.018 

Bc1 = o. 
These Tables are used to construct the graphs in Figs. BS.2 

to 00.5 given in Section S, part B. 

The l1stiDg of the complter program (0065) used in the 

evaluation of the figures in the Tables ls given belov. 

itJ7 



l'l .... 

LJST(l~1 

P~O(jRA .. (~f)"~1 
I N 1I tI T1 • r. • I) 
01" PIi (._, ~O 

~~n 

MA~I'P ~nl\~ 
WPI TP 110."111) 

lOO FORMATt,nw10WWW~'L ,'INII) 
WRlTE(Io.'OO 

10' FORMATt40x'6WRPAII WWP.EL nRIY"/): 
w.2128. '. 
A-3.7 
a-3.85 
H-1.66 
RR-.94 
Alw:a1.Q6 
AD-.0111 
aD.o. 
V_Or 
M.O 

6 CONTINUE 
CF.O. 
DO 1 1_1.11 
WRITE(Io.'02)O 

,' .. ~.(, , 

102 FORMATI29HO CnEFFlelENT 0, ,RICTION IIF6." 
THETA-O.·. 
DO 2 J." '0 '.0. 
DO 3 hI." 
T.T~ET •• 3.141~Q265/180. '. 
TF.CF*W/(4.~)*(A.C08tT)+H.tSIN(T)."32.2)j 
WRITE(4.1031THPTA.'.TF 
'ORMAT(F7.~.~10.2,"5.]) ,-,.4. 

~-~ • .,.~l,.. 
1+18 i 

.. 
! 
! 

", 
" 

, " 

. r· ,. 
·i ,. 

. ": 

FM-(C,.JltA+Al.(A*eO~CT1+H.SIN(T»·W/2 .• tAD+'D.Y+2 •• '1 NCT»))/CW/!2' 
1.2+AIW/2./RR/QR-CF.W.H/32.2/(A+a», ,e' 

WRITEI4.104)THFTA,'M 
'04 

2 
1 

, 06 

FORMAT(F7.2.·15.1o) 
THETA-THF.TA+' . 
CF-O+.l 
IF(M)O.O.~ 

FOQ'ur(IHO 
OIQPE(4..'05' 
\;: : r: ( " . , ;)6 ) 

FO~~ATI'O.'7NrDa",T ~~e'L DIIV!II) 
'hI 
a"3.7 
A_ 3.85. 
H--1.66 
00 TO " 

5 CONT I NIIA 
STO~ 

END 
FINISH 

. ',' .. , .~,. . . . . ., .-~~ ' ... ' 

',,' 

, 
, , 
H 
l . 



APPEJ!pIX PI. 

The classical I:l9thod of designing interp!ed1at.e gear ratios 

The basio assumption behirr:l this method is that the eng1ne 

~perates between two speeds. The lower l1m1t is near the man mnm 

torque speed when the eDg1ne throttle or fuel pmp rack is iUlly 

open. The upper Umit is belov manap!rn allowable engine speed 

but ma;v be above msyiR!lm hrake horsepover speed. A gear change 

with an accelerating vehicle changes the eng1ne speed from the 

upper Um1t to the lover l1m1t. 

Fig. A.B4.1 depiots this condition in a plot ot iDput to 

gearbox speed (related to engine speed) against output from 

gearbox speed (related to vehicle speed). For a particular gear 

ratio, the relationship betveen input arr:l outplt speeds is '. 

representated ~ a straight Une passing through the origin, th. 

slope of the Une being the gear ratio. The lower and upper 

l1m1.ts on the input to gearbox speed ere denoted tu Nz. and Nu 

respectively. When the upper speed l1m1t is reached in first 

gear, a challge is made to gear 2, the inplt speed dropping to the 

lower Um1t B:t. and the outplt speed remainSlIi at BJ.. This process 

is repeated tor successive gear changes tbroughaut the vehicle 

acceleration period until top gear ratio is engaged. 

:By def'iD1tion, the relationship between f'J.rst gear ratio and 

the gearbox inplt and output speeds is 



--(1) 

This relationship is show in Fig. A.B4.1 

Also. by defin1tion, 

GR(2) = !!!! --(2) 

B2 
and, BS can be seen in Fig. A.B4.1 

GR(2) = ~ 
N1 

= ~. ~ 
Nu Ni 

i~ 
N2 . 

= Br. x Nu. = 
~ N2 

= ~~r· 
= ~=:r. 

This is a geometric progression 

--(3) 

--(4) 

--(5) 

-- (6) 

New top gear ratio am bottom gear ratio, GR(HG) Cllld GR(l) 

are f1xed by other considerations. 

42.D 



Thus too mmber ot gear ratios (iG) required 1s obta1Ded by 

satiei'y1ng 

Hx. = jtoP gear rntio x iu ,.,<>., bottom gear ratio 
(7) 

where HG mst be an 1nteger greater than 1. 

It the' msrlrntrn torque speed ot the eng:!ne 1s low, too 'eng1ne 

1a sa1d to be Dtlex1bl.e ft • Nr. can be low snd so nocesa1tat1Dg a 

small DWIlher ot gear rat10s only. 

It Nz. 1s fixed at a figure collS1derabl.y greater than that 

equ1 volent to engine ma:x:1mum torque speed, eo larger llIlJ!lber ot 

gear rat10s results, but thero will be llIOl'e DoverlapD betveen 

tha geer ratios.. That is to sey that, near a vehicle gear change 

speed, either ot two gear ratios may be engaged. This 1s an 

important collS1deration in performance wQrk on cro.cUerots. 



I 

APPEHDIX B5 

Tailor-sa4' Opt1m1aation Techniqu. 

It is DOt necessary to optic1se the intermediate gear ratio. 

to a high degree of accuracy, because the traDBmission designer 

must be alloved some latitude. Accord1~, a method vas devised . 
to keep computer time to a minimUm. Basicall1, the tailor-made 

techni~. opt1m1ses each intermediat. gear ratio separatelY, and 

in turn. This cycle is repeated four timee. 

Fig. A.BS.l depicts the expected shape of the time to speed 

variation against the valu. ot a particular gear ratio (~)" 

Point 1 on the curve denotes the initial guess. Poillt 2 d.note. 

an evaluation ot the flmction when the particular gear ratio has 

been increased by 0.1. Point.3 wen the gear ratio -has been 

increased by a further 0.1. At ever:y evaluation, El cheok is made 

to see it the new polnt produoes a lower or higher time to speed. 

The gear ratios contiuue to be increased by 0.1 until an .valuation 

(point S) proves worse than the previoua value. Tho procedure then 

is to contime subtraoting 0.01 from the gear ratio ulltil the 

optimum point has been passed. O.OOS is then added to the gear 

ratio and it declared to be the optimum value. 

It the second evaluation (point 2 on Fig. A.B5.2) should 

prove lIOrse than the initial guess, then 0.2 is subtracted f 

the gear ratio at point 2 and the method centimes to subt· 

0.1 until the optimum is passed. The method then adds O. 

the optilDUlll ill again paseed. 0.005 Is then subtraotea I 



ratio declared the opt1mwD. 

The first ditficulty envisaged is shown in Fig. A.B5.3 • . 
Succsssive trials with gear ratio increasing in steps of 0.1 

. produce better answers, even though point 4 has passed the 

optimum. To increase the gear ratio beyond this before starting 

the subtraction 01' 0.01 would mean up to twenty evuluations in 

\ 

steps of 0.01. Accordingly, the method stores the current 

evaluation, the previous evaluation and the penultimate evaluation. 

By comparing the current' eval.uation with the penultimate evaluation 

it is possible to assesll whether the previous value has passed the 

optimum. If the current evaluation returns a greater time to 

speed than the penultimate, the technique is to jump baok to the 

previous evaluation and to start re-tracing in steps 01' 0.01 • 

. Sim11arly, it 0.1 is succesaively' subtracted from the gear ratio 

under consideration and the current 'eValuation proves \/Orse than 

the pBDIlltimate, the method returns to the previous value aOO 0.01 

is successively added onto the gear ratio until the optimum is 

found. 

The initial comparillon involves comparing tlie second evaluation 

of the time to speed with the first. In order to' prevent the 

progrlllll reaching premature conclusions based upon the devioe 
, , 

described in the previous paragraph, the penultimate evaluation 
I , 

is deliberately lIet at a very high value. In tact to 1000 times 

the tirst evaluation. On the next run through, the peDllt1mate 



evaluation aaswnes the value of the first aDd the previous the 

value of the second, and so on. 

Fig. A.B5.4 is e. piature of the tailor-made optim1sation 

program. 'fS denotes the current evaluation of the fuJIct1on, 

'1 'fS the previous evaluation alld T SI the pemltimate evaluation. 

J is a marker or tracer used to keep track of the previous path 

through the program at D.I\Y eiven time. The circuit on the left 

of Fig. A.B5.4, coloured ~een, ls the main circuit. In1t1alq, 

J is set at zero. It successive trials contime to proQuce better 

times to speed, J is re-sst at 10 and 0.1 is added on to the gear 

ratio each time. If the iD1tial direction of increasing the gear 

ratio ia found to be wrong, J is set at 1 ond 0.1 subtracted from 

the goar ratio ench time. 

This continues untll TS ia no longer less than l' 1'8. A tost 

is then made to see it 1'3 is leao ~hsn the pemltlmate evaluation 

l' SI. It it 113, 0.01 is successiveq addetl to or subtractetl from 

the gear ratio as appropriate, the marker J being usoo to decide 

which path to take. It, however, TS is greater than l' SK, the 

upper red circuit is used. This causes the program to jump hack 

to the previous trial and to start the small scale ssarch tor the 

optimum, through the lower retl circuit on the left. 

Much ot the lower part of Fig. A.B5.4 Is tho smsl.l scale 

se~rch ot adding or subtracting 0.01 onto the gear ratio. The red 

circuit to the extreme right, bowever, is to cater tor the unlikely 

event of the current evaluation provill8 equal to the pellllltlmate 

evaluation. In this anse it ie taken that the previous value ot 



gear r!ltio ls the optll11W!1. 

Each gear ratio ls subjected to this program In turn; and 

the whole procedure repeated ln order to cover the routlne f'our 

tlmes. . 

The varlous posslble routes are depicted ln J.i'1go. A.B5.5 

to A.B5.1i.. The lnitlal guess ls shovn as polnt 1 ln each case 

and the current, previous and penultimate fUnctlon evaluation, 

together vi th the VlIlue of' the tracer J, ls shovn 'ln the 

adJolning tables f'or each step. Fig. A.B5.5 shovs the process 

of' optlm1satlon when the ln1tlal gIless ls SOI!l8 flay to the left ot 

the optll!11lm. Fig. A.B5.6 deplcts a slm11ar set of circumstances 

using the penultimate evaluatlon to shorten the procedure. Fig. 

A.B5.7 ls vhen the lnitlal BUees ls to the rlght of the optll!11lm. 

Fig. A.B5.S shovs the con:lltlon when the 1nit1al guess ls to the 

left of the optll!11lm and the second step returns a better result, 

but is past the optll!11lm. In Fig. A.B5.9 and Fig. A.B5.10 the 

lnit1al guess .1s very close to ths optll11W!1, ln the one case, just 

to the left and ln the other, just to the rlght. Fig. A.B5.1l 

show the lnit1al guess at or very olose to the optlmum suoh that 

the evaluatlons either side are equal. The tables trllce out the 

path folloved untl1 the small scale search ls started. 

From the fore301ng, lt vill be seen that the tolerance or 

the searoh for a partlcular optll11W!1 goar ratio ls :. 0.005. 

This ls usually adequate for practical purposes. The rea· 

of the method lies ln the el1m1natlon of unneoessB17 ev~ 



of the nmction. 

the listing of the optlm1sQtion procedure ls contllined 

vlthin the listing of the IIa1.n vehicle performance progrlllll 

(8001) in Sectlon B12. 



APPEf]NI B6 

the Rg"Phmck Opt1m1sAt40D Bnhrmt'P' 

Tile subroutine lieted below aDds the lMySnnlD! or the m1n1mw1 

of a i'I1rIct1on of up to 16 1D3ependent variables subJect to up to 

24 coDStra1uts. 
. .) - .," . . , 

The varlables %(1), 1 ~ i, 2, 3 eto. must be set up init1elly 

In the MASTER oegceut of the program. 

The t1rst subroutine (PIB6B) ls the ooat1'01 II11brout1ne. 

The arguments are as follovs 

N = Number of lndapeDieut variables 

M - Number of constraints -
D6.M:!524 

RlIAX = The mmber of itaro.tlol1S per variable 

IPRIIl'l, 11' set at zero, extra print out ls obta1rlsd. 

BJ Put at +1. lf a ma"nnW ls sought, -1.. for a m1n1mum. 

F ls the 1Unot1on evaluation to be me" m1 sed or min1m1oed. 

Resarvat10n of 32 storage spaoes ln xmIlIDSIOD W (32) carrles 

the 32 quantitles contained In the l·lASTER program neoessOl7 to 

avtll.uate the fImotion through the Rosenbrock subroutine alii lnto 

the special subrout1ne CALXGH vhich Generates the f'Unct1on to be 

. me" mieed or m1nimised. 

G (I) and B (I) are the upper and lover tounds respectively 

of variable X (I). These bounds are set up in the MASTER program. 



I 

If DO contra1nts are needed, Plt 

G(I) = 1(1) - 1 

B(I) = 1(1) + 1 

and reset these values eaoh t1ae in the subroutine CALIGB. 

The subroutine CALIGH ill identical to the subroutine TIME 

contained in t.he wn vehiole performance program (BOOl) Usted 

in Seotion Bl2. 

The struotire of a program usillg the Rosenbrock SIlm-outines 

therefore, is 

MASTER PROGRAM 

1 
ROSENBROCK SUBROUTINES 

1 
SUBRoonNE GENERATING mOTIOR 



.... ,' 

,-" 

1,...' 

'-' 

\... 

'-' 
-, ' 

\..., 

\... 

\... 

\... 

V 

'...." 

'-

SUBROI!TINE DVS6B(N.M.KMAW.IPRINT~8J.F) 
nIMENSIO~ 4~RAYI1081,GI481.~(48);VI24),W(32) 
CnMMOllARIH y, (;. H ,It:, W 
CftU PlS6IAIN,M,L, IT,ICOlJ~IT,N~) 

201 CAll CAUGHIN,Mj I),F) . 
CALL prSr;36IN,M,L,IT,ICOIJNT,INDIC',F,IIJ,KMAr,NA,NGI 
GO TOI202,204,201-),I~DlC ' 

202 rALL PVsr;2A(N,M.L.NA) 
204 'CALL Py'S~4AIN,M.L,lT.~lCOIJNT.tPRINT,INOlC.KMAW,BJ,NA.NG) 

GO TOI20t,'-031.JNDlC 
203 RETIJR~J ., t; 

END 

END OF SEGM~NT.· lENG~H 
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SUB~OUT'NE OXS6tAeN.M.I .• 1T.icnUNT,NA) 
o I M~N! I ON 9 1'- ) • U e 2 ) • A e :l72) • D e \6) • E e 11'l) 
COM'.1ON !l .1) • 4 • rI., 'f . ,-' -
EXPFI Y \ "~Xo( Xl 
LOGFI~\ " ALOGe~) 
SINFIXl " SIN(X) 
COSF/''';) " cnSex)" 
ATANF/X) _ATANI.) 
snRT~'Y) "SnRT(j) 
ABSI=(Yl "A9~(Y) 

9(\)"(\. 
B(2)aO. 
ICOUNTeO 
00 1Lal.N 
A(I.) .. O.I 
E(UDO. 
It"L 
DO 1 ~R"I.N 
l(al(+N 
~(I()aO. 

I F I I .1( g )1 .3. 1 
3 A(I()o.1. 
I CONTINUE 

L:N 
'. 

IT,,\ 
WRITE(4.2) 

:;2 FORMAT ( 5(1 ... ,0 x 96"~ MA X I MIIM 
RETURN 

OR!;M I NI MUM.:.OF~: cnNSTRA I NED FlJNCT I ON i, 

END' 

END OF SFRMENT. L~N~T~ 
';:-

."( 

. " " 
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.. 
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SUB~OUTINE OX~!tA(N.M.I_,tT.lcnUNT,NA) 
. 0 I M", 1\1 S 11) 1\1 8 I , ) ,tJ( 2 ) • A ( :n 2 ) • 0 1 I 6 ) • E 1 III ) 

COM'.!ON !I.u.a,n.F. . - -
EXP~ty I =ExOn) 
LOG~I~) .. AlOG(X) 
S I N~ 1 X) .. SIN 1 X ) 
cos~I'li) .. cns(x) 
ATANFIX) aATANIX) 
SORTFIX) " 50RTIX) 
ABS~(~) "A8!':! Y.) 
9(1)."0. 
B(2)aO. 
ICOUNTaO 
DO Il a I • III 
AIL) .. O.\ 
Eltll.O. 
IC"L 
no 1 ~R=\'III 

"'=~+N 
~(K)"O. 

IFfI_I(Olt.~.1 

3 AIK)o.\. 
I CONTlNUI; 

t=N 
IT .. I 
WRITEI4.2) 

--:. !. 

.:2 ~ORMAT (5i:l~, 0119&, t.1H I Milt.! OFHMINIMUM·.·.QF ~.:C(')NST&:!AINED· FU,..CTJONI,. 
RETURN 
END' 

END O~ S~~MENT. L~N~TW 103. NAM~ PXSlltA 



'.UH": L V'17 1+3{ 
'--

'. 

SUl\qOIlTtNI;I)~S62A(N,M,L,NAI 

SOJ:lTIi r ~ I .. SOIIT «11 1 
OIMI=NSION B (, 1 ; U (21, A (272) ,(I ( ,& 1 

'-, COMMON 8,U.A.O 
4 L"N-I ~ 

JO .. 1 

'-' 
.. 'IO! I(cN*JC+N 

A(K I.OrNI.Arl( 1 
. , I(R=L~' 

'-' 104 1(=~J.Jn.I(R 

-_. - 41 A,( i( I!,O ( 1(1) I. A ( I( ) H ( 1('" t,) 

I(R=IfR-1 
- . .. 

IFIIlR,'I03. '6~.lo4 '. -,., -----
J·I1=.J"'''1 103 
I,Fe >.1-,10 1105. 106.106 

.J I.Q5 DO 2Q 1_lIt,,--
; . ..:.1" F\,{ L 1.0. 

I( =1. 

'- 0'0 '11 JT ... ·' • <iJ .. 
I(=I( .. N 

31 1'1 ( I. ) .. 4 I I('j .4 ( I( ) ... B ( II 
,. 

J 

I 
\...,. 29 BIL )aSQI'I .. TF(~().) 

8(".1'\(21/8(11 ., 
JO",1 • 

I 

.. ' 5 L=1 
11 IF ( ) -JO)4'1.7.43 (.o' 

43 Rn"o .. 
',- I(=Jn 

00 44 (CI .. I.,'1 
If=K+,N 

' .. _- JS::I(·~1. 

44 BO"Ael(l·A(J~)+BO 
K=Jn 

'-' 00 45 ;(1'1=1.'1 
I(=I(+N 
JS .. I(-L 

'-"" 
',45 A(I(I"~A(~S).Bn+A(I() 

1.=' • I 
GO TO 

'" 7 BO=O. 
I( .. , 

on 411 JT.! , ~ 

~ 
I(=K.N 

46 BO=4(1( ).A(I( '''~O 
BO=S.()c!T~« FlO 1 

'-' I( = .In 
AO=I./Rrl 
on 47 .IT=I.'l 

'-

, .. ."_J 
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Kal(+N 
47 A(l(l.A!'l.A(l(l 

JOII,ln. I 
11: r N - ,I b 1 A • '!J • '5 

8 RETlJRN". 
END 
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SU~~OUTINe ~~S6~A(N.~.L.IT.ICnUNT,rNOle.F.eJ.~MA~.NA.NGI 

A A!; F 0 1 Cl A~ ~ IY 1 
o I ME N ~ I Cl"'- e f '- 1 • II ( 2 1 • A (-272 1 • I'll ! 6 ) ;,e ( 16 ) .G ( 48 1 • ~ ( 48 1 , X 1 24 ) 
COMMON ~.II.a.n,E,G.~.X 

U( IT)CI!%*,8J 
IS", 

102 11"1(;( IS)"Y( ISl I~' ;22.22 
51 IF(x!lS)~~( IS) 1"'2.2'.!.22 
52 IFIIJ{I )-l!flTlIS!'l.63.15 
63 K'I .. M .. rs 

GnClo.9999·Gfl~)"O.ODOI*~IISI 
HO .. r,1 IS 1"~1 le: '~(I)O 
IFfr,O~X(ISII"'4,M;24 

64 IFIXIISI~HOI65."'5,25 

65 G I I(R-I"UU I 
~11('11"lJfI1 

98 IS.IS'" 
1Ft IS~M)I02.ln2.21 

21 IFflT-2'1166.14,,66 
165 Ih:> 

66 INOTCc2 
Gn TO 101 

22 IF IIT~2123.15,~~ 
23 W'lITF.I~.9(n 

99 FnRM~Tf4!1~ INITUL VALUES ClF X NOT "'ITloUN CONSTRAINTSl -
r,0 TO ",11 

24 IF fIT-111l8.'.!"-,"'8 
68 r,O"I(;n-xrtSll/l(lCl-Gf 1511 

~O .. I)I! T I-(H <1:1) 
25 Bl)af~:?.Gn .. d. ).00-3. 

U(ITlcBO*(I)o*~n"U(IT) 

GO TO 91:1 
26IFIIT-tI57.?3.S7 
1:17 r;O"IYI IS)~~n)!I~1 ISI~HO) 

HO=UI TT l"-!-H I(R) 
c;o TO 25 

\4 I F f "I 1 ) _!):( 2 )) '14 , 54 • I 1:\ 
54 Gn"ABSI"fEIL)1 

IF(r.1-I.l~5.5~.15 

55EIll"'.5 
15 D(llaOlt l.AfL\ 

1)( 11,,'-'1'-) 
AIL )"~ •• AIL I 
(';1) TO 17 

1 S' 1(1'l", 
D" 'II'. IS .. I. N 

KR"I(R .. "I 
5 6 X ( IS)" - A I I< R ) H I·L ) .. X ( 1 S I 



..... 

, 

i 

'. 

'-

A ( I:l ,,-0 • 'HA ( L ) 
IF (!'(lIl1"57.'!7 

57 EII.'l"-EIl) 
17 IFI ICnUNT-'N.I(MAX )58. 58,M 
!l8 011 ~a .I!;"I.II 

IF (F.II!;1.1.1!!9,59,18 
~9 CONTIND~ -' • 

INI)'C=I 
G" ··T 1'1 ... ' 101 

18 le I'c-N1E;O.12.6" 
60 L=L.' 

GO T(1 I~ 

1.2 L=I 
13 I(=L 

tOt 

D I) 7 F>10hi.l • "l 
1(=1(+111 

X I ~ J') ) .. A I V) • ~ ( If ) ... X ( I( Q 1 
1 C01IIIITa I C'bU'IT + j 
ITia' :; 
INOTC.' 
IlET\I~f.I 
E'JO 

" • 

" 



.-

-, 

. , 

SUB~OUT'NE gYS64A(N.M,Lj'T.JCnUNT,I~RtNT,INDtC,KMAX.8J,NA,NG~ 
o nir: N S'I O"J El ( , I , 1I ( 2 ) • A/ 272 I .'0 ( , 6') .f! ( (6 I • G (48 ) • H / 48 I • V ( 24) 
COMMQN8.U. A ,D,.,e,G.H,'X : 
BO .. FlJ*U( I) 
1~('~RINTI3~,48,33 
WR I re ('4. ! 0' ) I COUNT, RO, S / , ) • iI (,) 
00 49 L=t.M . . = ~ 
WR·'TF.(A.t03lYILI. -
IF·/1COUIIIT-N."CMU)50.!50dl, ~,' 

l~rlT-II'1.!I"t 
INOte .. , 
GO Tn t 05 
F 0 ~ M ,a T / '5 , 2 I "y '. Et' • 5 ) , F 20 • IJ',~ . 
FORMAT(!H,E".!5) 
On,52L=\,N 
r"I(L).O. 
"'(L)"O. 
L=I 
IC=L 
00 ~3 KfI"" 'I 
1(001(+N 

~3 Y(I(R)"ArLlHCI().X(I(Q) 
. I COUNT", COUIlT ... l 

IT .. , 
INOte .. , 

105 ~ETURN 
END 

ENO OF SEGM"'NT. L~NGTH 17'. NAMF PXS~4A 

\ 
'. 



.t.PPENDI' B7 

Mm detailed npMmtsation 

'l'h9 program Usted belov (BOSO) uses the Rosel1brock opt1m1sation 

subroutlll8s of AppeDdh: B6 in order to f'1Dd the intermediate Bear . 

ratios vb1ch give the m1 n1 mum sum of the time up to 

tl2' iV2J, tv2' i V2 aJId V2 

where V2 m1le/b is some specified t.l.llal speed. 

This is an attempt at empbas1a1ng the importance of the vehicle 

acceleration at the lower speeds. 

The read-in data to 0080 is identical to that for 8001 

described in Seotion Bl.2. Program B080 carries on to evaluate 

eng1118 ma:1mum torque speed BJJd maximum brake horsepower speed~ 

Statement mmber 60 sets the initial values of the intermediate 

gear ratios such that their reciprocal values are ill arithmetic 

progresSion. Betweem statement mmbers 402 .and 401 the Rosenbrock 

constraints G(l) and H(I!.) ere set. Statement mmber ~ -I- 1 sets 

the test gradient (GGG) at zero am atatement IlWllber 401 + 2 fixes 

the degree of pr1ntcut required. Statement mmber 401 + 3 Cillla 

up the Rosenbrock subroutines. Forty iterations per variable are 

specified. 

B080 contimes Iv evalust.1ng the time to accelerate between 

tw speed Um1ts on the specified gradient it it is greater than 

sero. F1nal~. IlO8O evaluates maxlnnm vehicle speed in 8 manner 



identioal to 0001. 

Yolloll1.11g the Usting of B080 is a typical printout. This 

consists of the headings, title and the read-in data, followed 

by the results of the eng:\.n& ma'dpmm torque and brake horsepower 

epeed evaluations. The legeDi IIPXS6, HAIDQJM OR MItmIUM OF A 

CONS'i'RAlNED FiiN(''TIOll- denotes ent17 into the Rosenhrook subroutines. 

The numbers following shov the progress of the opt1m1sation 

prooedure. Column 1 is th!3 IIWlIber of itera¥oneo Column 2 gives 

the CI11'1'erxt evaluation of the tunotion. Column:3 aDd 4 concern 

the mechanism of the procedure ,and give the CI11'1'ent step length 

and degree of rotation of the axes of the evaluation respectively. 

After printing out the. CU1'1"Snt data in the fOl1l' columns, the value 

of the variables are Usted. In this example there are two. 

The final table of the print out gives the gear ratios and 

the maximum vehiole speed on the level in each of the gears. 

1+37 I 



4-38 

MASTER BO/lO 
DJMFNSIONAR~Ay(308l,G(48l,H(48l,X(24l,W(26l,GR(IOl,F(101 
COMMONARRAV.G,H,X,GR,GCT,OAR,RR,AT,BT,eT,DT,ET,AO,BO,AK,WW,AIW,AIE 
1,CF.KA,A,A,~H,NG,NO,VBS,VI,V2,GGG,RM,FT,GT,RMIN,OTOR,WV,RX 
EXPF( X, aEX,,( ~ 1 
LOGF(X) .. Al.Or;(X) 
SINF( X, .. SIN( Xl 
COSF(X) .. enS(Xl 
ATANF(X) aATANIXl 
SQRTFIXl D SORTIX) 
ABSF(Xl "AB~rX) 

15 CONTINUE 
J=2!! 
WRITEI4,100) 
REAnll,tOOt) 
WRITElll.1001) 
WRIH(4r1002) 

I READlt,tOA)AT,BT,CT,DT,ET,FT,GT,VBS,NO 
IFIJ .. t l2,26.2 

5 CONTINUE 
3 CONTINUE 
2 READlt,I02)~G,NB,NBOT 

IFUJBHI,6,6 
6 CONTINUE 
REAO(t,IOS)rG~lll,I"I,NGl 

IF(J .. 6l26,25,7 
7 REAOII,IO~lnAR,RR 

IF(J .. 7)8.26,e 
4 REAOII rlOBl'UG,RR 

NO.,6 
IF(J .. 5)26,2~,8 

8 REAOltrl08lAIW 
IF(J"Al9,26.9 

9 REAOII,toSlAIE,RMIN 
IF(J .. Q)to,2e.r10 

to READ(I,108l~W,A,B,HH,KA 
IF(J .. IDlII,26,11 

11 REAnll,108lAD,BD,AK,XK 
XI(=XK/IOOOOOO. 
IF(·) .. 11 l12,26.12 

12 READII rl08 lGG 
IF(J"12l13,26,\3 

13 REAn l \,\08'GeT,eF 
IFIJ .. 13lt4,26,\4 

14 REAOI\,t08lvl,V2,wv 

26 
410 

I F I J .. 14.J4 1 0.26,4\ 0 
WRITE(li.113) 
~RITEI4,\14'AT,BT,CT,OT,ET,FT,GT,VBS,AIE 



WRITE14.t151 
WRITEII.116IAD,BD.AK,GG.GCT,CF,N~ 
WRITEI~.t:'l1 , 
WRITEII.,132'WW,A,B,WH,RR,AIW 
WRITE(I.t17,VI 
WRITE(I.t18,V2 
WR iT If:! 1.1 003 I WV 
IF(I(A )27 .• 28.26 

27 WI( I rei 1 • 1 19 , 
GO TO 29 

28 WR ITE( ~, 120' 
29 IF(J~25'252.250)250 

252 IFIJ-12)556.291,251 
556 IF(J~~)250,557,251 

251 J=55 
GO TO-.19 

250 J=O' 
RM"RMIN 

30 DTD~a8T.2.+CT*RM/IOnO .• 3.+0T*(RMJI000.)**2+4.*ET*(RM/I000.) •• 3+5.* 
1 FT + I R M I1 000. ) ** 4 + 6 • * G T + ( R M 11 000 .' )." 5 

IF(J,.IJ31.3t.:'I2 -
31 IF(DTD.~132.33,33 

33 RMaRM+500. 
J=I 
GO TO 30 

32 IF(J.10134,34.35 
34 IF(DTORI36,36,35 
36 RMaRM~50. -

J=IO -
GO TD.30 

35 IF(DTD~'37i~8,38 
38 RM=RM+5. 

J=IOO 
GO TO 30 

'-

37 OTORaAT.8T.~M/IOOO.+CT+RM.RM/IOOOOoo,+6T+(RM/.OOO.-)+.3.~T.tRM/I~OO 
I, '''4+FT+(R'oI/IOOO. )**5+GT*CRM/IOOO, )"6 

WRITE(I.12I,OTOR,RM 
J=O 
RMPaRM 

39 OPaAT+2.*AT.RMP/IOOO.+3.*CT*(RMP/I000. )**2+4 •• 0T*(RMP/IOOO.J.*3+ET 
1+5 •• (R'oIP/IOOO. 1+*4+Fr*6.+(RMP/lO·00, )"'+GT+-7.+CRMP/IOOO. ).+6 -

IFIJ.,.I )40,40,41 
40 IF(DP)41,42.42 
42 RMPDRMP.500. 

J=I 
GO TO 39 

41 IF(J.'O'43,a~.44 
43 IF(OPI~5,~,.44 



-. 

45 RMpIIRMi>-50. 
JQIO 
GO TO 39 

44 IF(OPI~~,47.47 

47 RMP.~M~+5. 

J=IOO 
GO TO 3Q 

46 OPa2.*3.1415926/33000.*(AT+Bl*PMP/I000.+CT*IRMP/IOOO. )*.2+DT.(PMPI 
1I000.1"3+ET*(PMP/IOOO. )"4+FT*IP"MP/IOOO. ).*S+Gt*IPMP/IOOO, ).*6)*P 
2MP 
WRITEI',122IDP,~MP 

557 CONTINUE 
IFINB)4A,49.49 -

48 CONTI NUE 
IF(RMP*OUG-VB~)256,256,257 

257 OUGcVBS/PMP 
\riP IT E (4,15'1 I 

256 CONTINUE 
IF(I(A)50,51.51 

51 GPAna~TAN(A/(A+B-HHI) 

80TaWW * S I N"I r. R 4 D·) *RR lOT DR 
IF(OTOR*BOT-WW*IS*COSIGRAD)-IHH-RP)*SINIGRAO»)52,52,53 

53 WRITF.II.t23") . " 
GO TO 52 

50 GRAOaATAN(B/(A+B+HH)") 
BOTaWW*SINIGRAOI*RR/OTOR 

52 CONTINUE 
GRAO=l./SIN~(GPAO) 

W R I T E( 4 , 1 24 ) G R A 0 
GRAOaR~P*OUG/IOOO, 

GRAOa15.*3,14159/660,*RMP*(AT+BT*GPAO+CT*GRAO**2+DT*GRAO**3+ET*GRA· 
I O .. 4+F T *GRAO"'*5+GhGPAD"6 ) *.DUG 

J=O " 
VMaO. . . 

54" TEFal .99758-.0000819.VM)*( .96-,000316*UM-,ooda058*VM.VMi 
TEF.I/M*(WW*(AO+VM·BD)+AK*I/M*VM)/TEF 
IFIJ .. l )55,55.58 

55 IF(GRAD-TEfI58,59,57 
57 I/M=IIM·.IO. 

J=I 
GO TO 54 

58 IF(TEF-GRAOI59,407,56 
56 \/Mal/M;"I, 

J=IO 
GO TO 51 

59 CONTINUE 
I/M a IlM+,5 

407 CONT INUE 

. "" 



WRIT~(4.125)VM.DUG 

I F ( ',B D T ) 0 • 1 100 , \) 
READ(I.10S)~nT,OAR 

GOTOI!OI 
1100 CONTINUE 

RX=RR*(I.+~(*(VM*VM-900.» 

OAR=RMP.DUG*R~.3;14159*15./VM/660. 
BOTIIBOT/OAR 

1·101 CONT HfUE 
WR.ITE(~·.126) 
WRITE(4.127)[lAR 
WRIT E I 4. I 28 , El 0 T 
ANG.=NG-I 
00501=I.NG 
Alal~1 

60 Gp·( I '''1.1 I I ./!lOT+ I A I * 11. -1 ./BOT 1 IIANG 1 
GRAOeO. 
JJ=NG-I 
IF(JJ'S4.400.400 

ADO CONTINUE 
JJJ=NG-2 
IF(NO)61,62,62 

61. CONTI NUE . 
IPFdNT:aO 
00 63 1=2.J.) 

63 WRITE(4,129)I,GRII) 
GO TO 402 

62 CONTINUE 
IPR1NTel 

c402 CONT I NUE 
00 401 1=2.J.J 
Kill-I 
G (i()-1. 

H(K);'BOT 
401 XIK)aG;;II) 

GGG=O. 
IPRINTaO 
CALl. PXS6B (JJJ,JJJ.4().IPRINT."I.,TSI 
00 76I=2.JJ 
K=I-I 
GF«i)aX(K) 
GRAD=RN*3.14159*RR*15./GR(11/OAR/660. 
TEF=GI'IAO*VE\S/r:lM 

76 WRITEI4,140)I.GRII1,GP~0,TEF 
wRIT E ( i1 , I :5 4·) T S 
IFlr.G)S4.;;5.e4 

e4 CONTINUE 
GGG=GG 



CALL CALX~H IJJ.JJ.IT.TSI 
WRITE(,..t33ITS 

El5 CONTINUE 
GO TO 255 

49IF(KAIAG.81.'" 
~1 CC=SDRT(I.-GG*GGI 

C=B*CC-HH*GG 
IF(DTDRjDAR*G~(.I'-WW.CI80.80,82 

82 WRITE( 4-, 1011 
80 CONTINUE 

00861=1,IIIG 
GRAO=RM*3.1"'59*RR*15./GR(II/OAR/860. 
TEF=GRAO*VBS/RM 

88 WRITE(/loI<1011,GR([I,GRAO,TEF 
GGG=GG 

255 

CALL CALXGH IJJ,JJ,IT,TSI 
WRITE(/loI:'I3,TS 
CONilNUE 
IIIR tTE (/1,137 I 
00 ~8 I=I,NG . 
OGR=3.1<115926.15 •• RR/660./OAR/GR(il 
VM=OGR.RMIN 
J=O 

89 OF=Ww.(AD+V~.ROI+AK*VM*VM 
AI=NG-.[ 
TEFa(.96-.0D0316.VM-.0000058.VM*VMI.I.99758*11.-.007.'11-.0000879. 

IVM.2.06**AII 
R=VM/OGR 
hAT+8T*RIIOOo.+ChIR/tOOO. 1 .. 2+0T.IR/I000. 1 •• 3+EhIR/IOOO. 1**4+FT 

I.(R/IOOO. , .. S+GT*(FUIOOO. 1**6 
TF=T.GR( I I*TEF.OAR/RR 
IFIJ .. I'93,93,94 

93 IFITF-OFI95~96,96 

96 VM=VM+IO. 
J=I 
GO TO 89 

9<1 IF(DF-TFI97~<106,98 

95 CONTINUE 
IF(VMI90.40S,96 

<105 VM .. VM+IO. 
GO TO 69 

96 VMaVM-I. 

97 
<106 

J=IO 
GO TO 89 
VM .. VM+.5 
CONTINUE 
I F 1 V M -.\1 El S .0 G RI\)O, Cl t • Cl 1 

91 CONTINUE 



~. . 

GRAD=V8s-nGI> 
WRlTE(~,138)G~1 I ),GRAD,I 
GO TO 8S' 

90 COrHINUE 
WRITEf4,139)GQII ),V~ 

88 CONTINUE 
V=RMP·OGR 
GRAD"VM/V , 
'WRITEI4~ld2)G"AO: 
WRIT E 1 4" I 27 ) 0 A R 

87 .J=O 
READ 11.102)J 
IFI.J)203,203,99 

99 CONTINUE 
WF1 rTE 14.1 000 )" 
GO TO 11,~,3,4,5,6,7,8,9,10,11,12,1~,14,15),J 

203 WRlTeI4.t50) 
STOP 01 

100 FORMATIIO~19~G.G.LUCAS AUTO DEPT/8X37HLOUGHBORDUGH UNIVFRSITY OF T 
IECHNDLOGYIIIOX45HVEHICLE PERFORMANCE - ROSENBROCK OPTIMISATIONII) 

101 FORr~ATI 10~49H ...... VEHICLE MA"Y OVERTURN IN"F:rRST GEAR ••••• /) 
102 FORMAT(312). 

'103 FORMATf2FS.3) 
,105 FORMATIF7.! ,3F6.2.r2) 
°106 FORMA~13F8.S) 
.107 FORMATIF7.5) 
108 FORMATIIOFO\O) 
I11 FORMATI2F5.4) 

,112 FOPMATI2F4.0) 
113 F0F1MATII15X7H~EW RUNII) 
114 F~RMATI!5X29HENGINE TORQUE CHARACTERISTICS27V20H MAX. ENGINE ENGI 

INE/74XIAHSPEED INERTIA/7FI0.~,FII.,I,FII.3/) 
115 FORMAT15~17~ORAG COEFFICIENTS8X42HGRA01ENT GEAR eHANGE 

I NO OF/42X29HTIME OF FRICTION GEARS) 
~116 FORMATI3F9.5,3FII.5,110/) , 

117 FORMATI21~INITIAL SPEED MPH aFS;O) 
118 FORMATI18H ~INAL SPEED MPH "F5.0~) 
131 FORMAr(65~ WEIGHT POSITION OFC OF G 

IOF WHEELS) , • 
132 FORMAT(F7.t.3F7.2,FI5.4,Ft8.3/) 

. 119 FORMAT'( 26H j:RONT' WHEEL OR I VE VEH I CLE /) 
.120 FORMAT(25H ~EAR WHEEL DRIVE VEHICLE/) 

ROLL ING ~AD FT 

. 
eOEFF 

INERTIA 

121 F0F1MATI30H ~AXIMUM ENGINE TORQUE tB.FT aF8.3/27H MAXIMUM TOROUE SP 
IEED RPM =Ft..O/) 

"122 FORMATI27H MAXIMUM BRAKE HORSEPOWER "F8.3/17H MAX. BHP SPEEO aF8.0 
III 

123 FORMAT110X6~H ••••• 
I T. GEAR ••• **/) 

VEHICLE MAY OVERTURN ON'MAX. GRADIENT IN FIRS 



124 FO~MAT(GtH ~A~. GRADIENT VEHICLE CAN CLIMB IS I IN F6.2/) . 
125 FOR~'T(28H ~AX. SPEED OF VEHICLE MPH =F6.1/25H DEGREE OF UNDE~~EAR 

lING .. F,.G/) 
126 FORMAT(3~H TOP G~AR RATIO TA~~N AS I TO I,GIVING) 
127 FORMAT(19H DPIVE AXL~ RATIU .F7.3) 
128 FORMAT(20H ~OTTOM GEAR RATIO aF7.3/) 
129 FORMAT(t2H ~EA~ RATln 13,3H • F7.3,14H INITIAL GUESS) 
130 FORMAT(12H GEAR RATIO 13,3H'R F7.3,5X2IH TIM~ TO SPEED SECS aF8.2) 
133 FORM A TI 34 HOSUMMA TI ON OF TIME S TO SPEED SEC aFc;I .211 
134 FORMATI/30H TIME TO SPEEO ON LEVEL SECS .Fs.2/) 
137 FORMATI/15X23H MAXiMUM SPEED ON LEVEL/27H GElR RATIO SP~EO M 

I PH) . ' 
138 FORMAT(FIO.i,5X4IHENGINE MAX. :SPEED' L1MI·TS VEHICLE SPEE!'I TOF6.loI2 

IH MPH IN GEARI3) 
139 FORMATIFIO.1.,FI5.1) 
142 F6~MAT(25H OEGREE OF UNOERGElRINGcF7.4) 
140 FORMATI12H GEAR RATIO 13,3H ~ F7.3/5XF6.1,4IH MPH TO LIMITATION SE 

IT BY VALVE ~OUNCE OFF6.1,4H MPH) 
ISO FORMATI/22H ENO OF C~LCULATIONS) 
151 FORMAT/·76H DUE TO ENGI.NE SF'EED LIMIT DEGREE O.F.·UNDERGEARING ,IS RED 
: IUCED TO'FIGURE BELOW/) . 

1000 FORMATIIHI) 
IDOl FORMAT/'aOH 

I 
1002 FORMATltHOII) 
1003 FORMAT(32H HEaD·ON WI~O VELOCITY MILE/H " F8.2/) 

END 

END OF SEGMENT, LENGTH· 1570, NAME B080 



, I 

SUBROUTINE C4LXGH CJJ~JJ,IT,TMAX) 

OIMENSIONAR~AY(308),GC48),HC48),.C24),WC26),GRCIO),FCI0,' 
COMMON4RRAY.G.H.X,GR,GCT,OAR,~R.AT,BT.CT,OT.ET,AD,BO,AK,WW,AIW,AIE 

I,CF.KA,A,B,~H,NG,NO,VBS,VI,VMAX,GGG,RM,FT,GT,RMIN,OTOR,WU,RX 

V2=VMU/2. 
T"-h=O. 
DO 70 I/IA,X=I,5 
IS,"O. _ 
V='V I 
441=0. 
OV"2. 
NO,IS"O, 
o ISF.O. 
L=O 
CC=SQRTCI.-GGG*GGG) 
J3,=NG-l 
00 431=2,J3 
K=I-l , 

43 GRCi)aXCK) 
IFC v_Vl)42, ~i' ,3 

42 CONTINU'E 
C=B*CC+HH*GGG 
BW .. ! .-CICC/(A+B) 
IFCGGG-BW*CF*CC)3,3,2: 

2' WRITEI4,,100) 
3 CONTINUE 

BW=CF*W'ioU C A .. B) 
IFC C V2-V )/Ov-25. )4,5,5 

4 OV=Ou/2. 
GO TO 3 

5 KV=(V2-V)/DV+I. 
DO 6 1<.1,KV , 
OF=WW*(GGG+AO+u*BO)+AK*IV+WV).*2 
007I D .t,NG, 
AI=NG-I 
o G R" 3 • 1 4 1 5 9 2 6 * 1 5, * R R 16,60 • /0 A RIG R Cl) 
R"V/OG~ " 
IFCVBS-R)27~28,28 

27 FCIIIIQ. 
GO TO 7 

28 CONTINUE 
I FHHI. - R ) 66, (, 6 • 0 
TaOTOR 
GO TO 117 

66 CONTINUE 
T = 4 T+ B T *l'l/t 000 • + C,r. C R /1 000. ) * '" 2 +0 T * CR/.I 000. ) * * 3 +E T* C R /1 000. ) * * 4 + F T 

I*C-R/IOOO. )**5+GT*CRlI000. )**6' 
67 CONTINUE 



,f-, 
" -,,-. 

'. 

" • 

. '. 

TEF=( .95-.000316*V-.OOOOOS8.V*V)*( .99758*(\ .-.007*AI)-.0000879*v*2 
1.00**4 11 

TF"T*TEF*GR/ I )*OAR/RR 
31 CONTI~lUE 

PF"TF-O' 
IF(PFlI4.15;1'! 

14 F(I11I0. 
GO TO 7 

15 EM=WW/!2.2.AIW/RR/RR+~IE*TEF*(GR(r).DAR/RR1*.2 
F(llaPF/E'M 
I F ( ~ A '10 • I \ • I 1 

10. C=S*CC-HH*GGG . 
TFF"BW*I C-H'H*F ( I) 13:? 2,) 
GO TO 30. 

11 C=A*CC·HiH-GGG 
TFF=BW-/C+HH*F(I)/32.2) 

-. 

30 CONTINUE· 
IF ( F ( I ) * ( \ol W /32 , 2 +A I W I R R I R R 12. ) - T F F + OF - W W 12 • * ( A O. V * BD I 1 I 2 , I 2 , I 3 

13 CONTINUE 
WRITE(4·.I04.1 V ,I,TFF,TF·. 
IF(KA )47,411.48 

47 CONTINUE 
TF=.99*/(BW*C-DF~WW*(AD.BD*V'/2.).EM/(WW/32.2+AIW/RR/RR/2,+BW*HH/3 

12.21+DFl 
GO TO 3! 

48 CONTINUE 
iF=.99*((BW*C-DF+WW*(AD+BO*V'/2. ,.EM/.(WW/32.2+AIW/RR/RR/2.-BW*HH/3 

12.21+DF) 
GO TO 31 

12 CONTINUE 
7 CONTINUE 

FG=O. 
J=L 
DO 16 I=I,NG 
IF(F( I '-FG'16.16·,18 

18FG=Frtl 
J=I 

16 CONTINUE 
IF ( F G'I g, I 9 • 20 

19 CONTINUE 
OGR.3.1419926*15.*RR/660./OAR/GRII) 
IF(v.RM*OGR16,6,62 

62 CONTINUE 
WRITE(4.I06'J,V,V2 
WRITe( •• III~ i 

GO TO 50 
20 CONTINUE 

IF(J,.L )21.22.21 



21 CONTINU" 
IF(NOIO.611.!'>8 
WRITE(l.lOIIJ.V 

68 CONTINUE 
IF(LI23.21l.;>3 

23 AN"r.eT 

22 
24 
17 

GO TO 17 
CONTINUE 
ANaO. 
L=J 
AA2=(AAI-OV.22./15./FGI/2. 
IF(V-VII60.&1,60 

60 CONTINUE 
TSaTS+H2+A,'J 

61 AAl a OV*?2./15./FG 
DISFa(V+DV/2.1·22./15 .• (AA2+ANI 
IF(N('lISI0.O.6!! 
IF(DISF-1320.165,0,Q 

65 
NOISal 
CONTlNU~ 

6 V=V-DV 
50 CONTINUE 

IF(NOI~4.45.45 
44 WRITE(~.109ITS 
45 CONTINi.J~ 

TMAhTIIU+TS 
V2.v2+VMAX/~. 

70 CONTINUE 
RETURN 

" 

:-

100 FORMAT(IO~65H ••••• 
IY SF.T' ••••• /1 

VEHICLE WILL SLIP DOWNHILL WITH HANOBRbKE ONL 

101 FO~MAT(21H GEAR CHANGE TO RATIOI3,20H GEAR,CHANGE SPE~D =F7.2/1 
104 FORMAT(F8.2.18XI8HWHEEL SPIN IN GEARI4,13H FRICT. LBF =FIO.2,FII.2' 

I I 
106 FORMAT(30W ~ET SPEED UNOBTAINABLE 

IH SET UPPE~ SFEEO MPH =F7.2/1 
107 FORMAT (55H' SPEED ACCEL 11 ACCEL 

140H IIPH ~T/SEC2 SEC2/FT FT/sec, 
loe FORMAT(2F7."FII,5,F8.2,FI0.2.181 

SpEED 
LBF-l 

109 FORMAT(29H INTERMEDIATE TIME TO SpEED =EI4.6) 
I11 FORMAT(27HOTIME SO FAR IS GIVEN ~ELOWI-

DRAG GEAR RATlOI 

112 F0I'1MA.T(5X33\.lQUARTER MILE MARK PAs,seo SpEEO aF7.2.18HMILE/HOUR, T 
liME aF8.1.15HSECONOSfAPPROX.1 - ,. , , 

ENO 

ENO OF- SEGMENT, L~NGTH 732. NAME CALXGH 



) 

) 

) 

j 

G~G.LUCAS aUTO DEPT _. 
LOUGHBOROUGH UNIVERSITY OF TECHNOLOGY 

----- ._ ... 

_ VEHICL~ PERI'ORMANCE - ROSENSROCI( OPTI!'4HHION __ .. _ 
- - -. . ~ ';:- - ~ -. - . -

-
MORE-OETA-ILEO"""OP,TIMISATlON- VEHiCLE: A---·6cDeC,~ 196~7"- _-.-,-,"-'0 .-

.... - _ .. -."."':.- -

ENG1NE TORQUE CHARACTERISTICS 

.. ~ - -; .... 

MAX. ENGINE 
SPEED 

0.18596,_.47.69786 -17,13362 2.8~'f)? _~9.~~_~~_?.: _~c~9.J~~L~2..,~~~70_~,~ _~_5_0_0_~Q __ _ 
. .:; -.. _;'- .~~ -;i~·~~~:_.:..:;--::--_.:.:~-~~~5-;::~-~~-· .,' = . ..:;c--:;.- ~--=--::-:-.: .: .:._-- '; .. -. _-.... -.-_-_!c.:.:.:;; :-~-_-:.-::: ::~---_..:::,._~_"=- -- .-. .:::~ ..... -__ -;-~._-.:- _ .:.--•.. -:':' -.. " __ ;:.;.. - ."" 

ENGINE 
INERTIA 

0,140 

DilAG CO_~f'F)C IENTS 

.0,017900 0.000000 0,025000 

GRADIENT GEAR CHANGE- .~QEFf_ 
T I ME OF FRI C-TfON 

0.00000 0.00000 1.00000 

I'IEIGHT POSITION_OF. C- OF G 
2128.0 3.70- -3.-85 1,66 

I N I nAl- -s~:"iED:'MP-;~~~':''::-~ <> :

FINAL SPEED MPH. a 54. 

ROLLING RAD F.T 
0.9400 

HEAO-ON WI~D VELOelTY MILE/H a 0,00 

REAR IoIHEELDRIVE VEHICLE 

... U I MUM EN G I NE TO I( QUE LB • FT. 411 . 761 
~AlIMUM TOROUE·S~EEO R~M = 2520.-

MAIIMUM eRA~E HORSEPOwER. 34.817 
~Al. BHP SPEED = 5010. 

I NE!!T lA OF._ WHEEL-S 
. L98'-

.-. ::.--::::-:-.~ :'.=- ,'- -.---

~QX. GRADIENT VEHICLE CAN CLIMB IS IN I. ea 
~Al; SPEED. OFVRHICLE MPH. 70.5. 
CEGREE ciF UNOERGE~RING ,. 0.9300 

TOP GEARRAT-IO -U(-EN· AS 1 TO I iGIVING 
O~IUE AXLE RATIO = 4.444· 
eOTTOr.! GEAR ~ATIO 11 .4,(18' . ,.,' 

NO O_F 
GEARS -

4 

- -~-'- --=~ 
--.-,. ".::. . . . ". 

7',_ 

--

f 
... ~ 



) 

\ 

, ,-

) 

PXS6,MUIMUM- OR MINIMuM OF A CONSTRAINED FUNCi'-(ON 
o 0 ,_69~78E 02. O. OOOOOE 00,_ - 0,00000 

4 

14 

0.20-193E 01 
0-. 13 37.6.EO I -

- '0, 6M:g_1E_ .. 02 
0-:21193E 01 
o - I 437 6F. 0 1-

O,6&080E 02 
0"2198SE--OI 
0_15~37E ot 

21 0 •• A02QE 02 

29 

_ _0_ 22466E :>1 
0_1 !iS05E :>1- '-, 

(1.6H.97E 02 
0_229051< ClI 

-_ --, -, -_' _--- _- ~_-,,-_0_.J_5_3,1.3_E-_()-I- _ 
38 0.6794~E 02 

49 

6\ 

68 

75 

et 

0 __ 23366E 01 
o _ 1.5576E 01 

O,67941E -02 
0.23559E 01 
0:- 1550 IE- 01. 

O,67940E 62 
0,23528E :>1 
0:15532E al 

O,67940E 02 
0_23562E 01 
o _155419E 01 

O,6794nE 02-
0-: 2357 1 E 0 I 
0:15542E 01 

0.67940E 02 
0_23562E 01 
0.15534E 1:1 

GEIR RATI~:- 2 ~ ~,35J . 
16.2 MPH TO LIMITATION 

GEAR IlATTO,3·D 1,553' 
24,5_ MPH TO LIMITAT.ION 

TIME T~ SPEED ON LEVEL SECS = 

SET 

SET 

... - ; - .-.. ":: . - .-- ~- .. :- :----~.-=-==-

O. I 325~E __ 00 _- ,_ _ - ,. __ ' O. 1.4 \ 4 ~-

• :::.' ; ;._ l._ 

.. -0,55470 

0.52734E-OI 0,80000 

0.53063E-0\- 0,89443 

-. :- -" 
O,20511e ... 01 -- o .'7-5926-

0.31623 

O,33840E-02 0,55470 

. 0~16153e-02 0.87158 

0.16153E-02 0,87158 

- - - - . -- --- -

BY iiAlVE BOU~~Ec_ O_F 41.7 MPH 

BY VALVE BOUNCE OF -63,2 MPH 

67,94 -:: '-- . ~ .... ~' .. --

--

; 

-'~"""""-'. 



" 

, 
I 
i , 

! , 

i 
I 

I 
I , 'r· 

MU It.lUM SP£ED ON LEVF.L . 
GEAR RATIO SPEED MPH 

4,1180· ,ENGINE "lAX, SPEED LIMIT~ VEHICLE SPEED·TO ",8 MPH IN GEAR' t 
2,3562., 40,9 
1,5534 59,2 
1,0000 70,6 

DEGRE£ OF'UNDERGEARING = O,Q33t 
pRU~ All,E~A3.I.o.." 4._444 . 

./ 



APPENDIX B8 

I\SCIU'BOl of Road Tests 

The Road Tellts s:Jrried out I:Iy the sem1-techJl1cal press are 

conducted by eld.lled operGtors using a atop watch to measure time 

ond an 3!1alocrue type of f'iftll Hlleel to monsure vehicle speed. The 

vem8 uf' the tests is invariably the Motor Iodustry Researcb 

Association proviDg ground at Lindley. 

The type of iMtrwnentation is not t~e best possible. Tile 

industry and M.I.R.A. prefer Q digital type of fifth wheel and no 

stop watch. The pulses from the fifth wheel ore recorded on 

magnetic tape and analysed later by a special data rejuotion tecil-: 

nique. This givss Q more aCCIU'ste record of vebiale speed against 

time. However, stop \!atches in t~o hands of experts can give 

aoceptable results. 

Tbe difference bet He en a atop watch test and a teat conducted 

in the !!lOst aCCIU'ate rnlll.uer possible 13 Ukely to be quite small. 

So small in fact that it may be SH/ll:1ped by t~e effect of ambient 

conditions at tbe time of tbGl test or by 1iICD.1l pl'Oductlon differences 

between the tent vehioles. 

It was considered preferable therefore, to compare oile stop 

watcb rood test against another for a DUmber of motor cars. The 

tests chosen tor this purpose HEll'e those of OTbe AutoCQJ'D and 

"The Motor", 80th magazines test a new model aoon after introduction 

and pubUsh Road Test reports. 



Sometimell the same vehicle is used by the tw magaz1nes~ 

l"rom these testll, the accuracy of thll tests themsalves ~ be 

assessed. More usually, bowever, different examples of the same 

model are tested, from which some assesslleIIl; may be made of the 

production differences between cers of the same design. 

tige c..B.8.l to a.B.8.5 are the "Autocu· and ... .otor· road 

test results USing the same vehicle in each c:lse, Fig~ A.B,8~6 

to 11.8.8.9 are 11 selection of road test results by both BAUtocar" 

aDd "/·:otor· on differeIIl; examples or the flame dellign in eo.ch case, 

In Fig. A.B.8.l the B~torll" acceleration times are considerably 

poorer tlmn the aAutocar" figures. It is doubtful if all the 

disorepancy can be attributed to vehicle test weight difference 

because Fig. 4.B.8.2 shows the lMotor'S" times polar again, however 

this time the a.lotorD test veight is less. 

Turnina now to road tests on different examplell ot' the same 

design, Fig. A.B.8.6 sbows toot there caD be appreciable differencell. 

In general, bowever, the road test results contsined in Figs, 11.88,6 

to A.B.8.9 sbow a similar order of discrep:1DC1 to these in Figs. 

A.B.8.l to A. B.8.5. This means that the technique of the road 

tests conducted by the semi-teclmlcal press could be improVlld, 

Conductll18 road tests when the vind speed is appreciable does not 

help. The recorded maximum vehicle 8peeds ere given also in Fig, 

A.B.8.l to ~.8.9. These again show a significant difi'erence in 

the testill8 by the two autborities. 

,(,51 



The data used to construct Figs. A.B.8.1 to A.B.8.9 vas' taken 

from References (29) to (35). 

In order to compare the accuracy of' the calculated performance 

of' a vehicle and the corresponding road test, the performance of 

the saloon version of' vehicle A vas chosen. The reason for the 

choice is that mch of' the design data is common to vehicle A, the 

drag data is knovn (9) ani the vehicle has been road tested (28). 

(36). Tile test weight for both the Autocar and the Motor road tests 

vas 2016 Iht (18 cvt). Weather coo:litions on the d~ of' the AlltoCar 

road test are described as Ddry, still- vith an air temperature of 

540V (amhient pressure not quoted). The veather prevailing on the 

day of the Motor road test is described as "hot and dry vith slight 

vindB (temperature 70 - 8h, pressure 30.2 - 30.3 in Kg). 

Table A.B.8.1 records the input data used in the calculated 

performance ani the results of' the calculation. The calculated 

maximum vehicle speed of the saloon version of' vehiole A is 75.1 

mlle/h compared vith 75.5 mile/h recorded by -The Motor" (36)' and 

76.8 mile/h by "The AutocarB (28). 

Fig. A.B.8.10 eompares the calculated time to speed vith the 

figures given by the "Motor" ani the tlAutocarD • The d10crepanOy 

between the tvo actual road tests is very similar to tha.t shown 

aboV2. fhe calculated time to speed agrees closely vith that of 

the "Auto car" in the higher speed lIBJlge and io somewhat ;worsee' in 

the lover speed range. 



APPENPTI B9 

time to apeed 1Dtegrpl. 

--- A.B.9.1 

has to be evaluated ua1.og 1JUIlIC"1cal methods since the t"unct1on 

f: f (V) 

1 s not know. 

"-
Reference ~ Fig. C7.2 in Part C suggests that it illl-reasonable 

supposition to state that vehicle acceleration varies linearly with 

vehicle speed. Hence, at Dpeed V, where Vl V V2, 

f = fl +- V - Vl (f
2 

_ 1'].) 

V2 - VJ. 
PuttiDg 4.B.9.2 into 4.B.9.1 and effecting the integration results 

1n the time to speed betveen vehicle speeds Vl aDd V 2 as 

Using expression A.B.9.3 therefore, to calculate the erea of' 

a thin strip uDder the 1/f vs. V CUl"V8 is likely to be IlIOre accurate 

ttmn simply assuming the str1p to be trapesoidU 1n shnpe~ 

Express10n A.B.9.3 shovs hoVever, an 1ndetermnancy to exist 

vhen f2 : fl' This may be 1nvestigated further by vr1t1ng 



tltl = 1 + t2 - tl 

tl 

aD!i expaDd1ng the logarithmio' term 1n expl'eas1on 4.B.9.3 to give 

2 
2. tl 

As t2 --.. tl - t, this becomss 

etc. 

whioh assumes constant acceleration dur1ng the speed i~erval 

(V2 - Vl )· 

It, however, 1«t2 - t»[1S small, the exprsss1onA.B.9.4 ~ 

be replaced by the approx1mate relationship 

t -==- (V2 - Vl) 

(t2 + tl)/2 

Equat10n 4.B.9.6 therefore assumes that each thin strip unaer 

the 1/t VD. V curve 1s a trapesiwn. 

'i'his investigation may ha contimed rurther to calculate the 

distllIlCe (s) covered during speed i~erval (V2 - Vl). Noting that 

s = I V2 

tdV _ .... ,., 

Vl 

and incorporating equation A.B.9.2 rssults in 



AgI11D. this ~ be ezpanded to give the relationsbip 

s = V2 - Vl 

fl 

) 
etc. ) 

) 

s ---.. (Vl - V12) 

2f 

- (fl· '2 - f 2• Vl) (f2 - f l ) 

3.fI2 

which asaumes constant acceleration during the speed interval 

(V2 - Vl )· 

i'he aSllWl1ption that vehicle acceleration is a Unear function 

of vehicle speed is closer to the actual function than that osBUlll1ng 

the reo1procal of vehiole acceleration is linear with speed (the 

trapesoidal strip). Use of equations A.B.9.3 and A.B.9.S, in order 

to calculate the time elapsed and the distance covered dur1ng the 

speed intBl"val Vl to V2' will be more accurate than simpq tald.ng 

the mean acceleration reo1P"'o~ during the speed intenal. The 

advantage d1m1D1s~s, however, as the speed interval d1m1D1shes in 

size. 

Sbo;uld it. ever become necessB17 to question the aacuracy of 

relationships A.B.9.3 and A.B.9.S, it Will be llBaessary to develop 

new expressions for t1me and distance start1ng v1~h an assumption 

similer to that implicit in equation C405, seotion C, developed 1n 

connection ldth ldod speed corrections. 



APPENDIX Dl 

Der1v1ation of f'unction V = Vet) governing the results of 

deceleration tests 

Vehicle drag is usuell7 expressed in the form 

Fd = W(Ad~Bd.V)+K.A.(V+Vv. COS9w)2 Ibf 

where W = vehiols weight Ibf 

Ad, Bd !Uld K are drag coefficients 

A = projected frontal area of vehicle rt:,2 

V = vehicle speed m1le/b 

Vw = wind speed mile/h 

- A.D.l.l 

9w = direction of wind relative to head-on direction 

Equation A.D.l.l reduoes to 

2 2 
Fd = vl.Ad+K.!. Vv • Cos 9", 

... (H.Bd+ 2.K.A. 

+ K.A."'?- Ibf 

V .Cos 9 ).v 
v 11 

which is e. second order polynomial in V of the fom 

Fd = B ... b V ~ c v2 Ibf - A.D.l.) 

During a deceleration test, the force causing the deoeleration 

ia the vehicle drag force. Hence, frolll Nevl;on's Secolld Lllw 

Fd = a ... b V ... 0 v2 = .~. .di x 66 
dt 15 

1.57 



, 

dV 

giving 

1 J' dV 
o 2 2 

(V + 1 ll) + & - II 2 
2 0 0 4C 

=-j!Ja. ... - A.D.l.5 

There are three posslble torms to solution ot equation A.D.l.5 

dependent upon whether 

" ... b
2 

ls negatiw, 1181'0 or posltive. 
o 402 

It a > 1122 
o 40 

u8111g the substitution that u = v+ 1 II 
2 0 

theret9re, sm = 1 
dV 

equation A.D.l.5 becomes 

= _ 1,,1; 

22.J.!s. 

This is a standard integral and reduces to 

const. 



~ 
:: - 12..t& comt. 

22.Mg 

- A.D.l.? 

isolating V yields 

The conat!ll'1t of integration may be foUlld by spec1:i)1ng the 

initial valoc1ty of the deceleration test. Tbnt is by saying 

that 

V = Vo when t = 0 

Hence, the final expression is 

~le/h = f { fVf DJ _ TlUl (lD.l.t) .~ 
( (Vo+ nJ f) 
( 1'" (t ). Tan (m. • t) ) 

uhere 

f = I r.-~d I' 

- n '- A.D.l.9 . 

- A.u.l.lO 

,.:;:" 

, , 



also 

n - h 
- 20 

• = W.Ad +- X.A.~. Uos
2 Bw 

and 0 = X.A. 

- A.D.l.l2 

- A.l).1.13 

- A.D.l.l4 

It Il = 1f-2 
c 4c, again maid ng the oubstitution that 

u = V'+-lll 
20 

equation A.D.l.S becomes 

1 (mJ,,2 _ _ju- . dt 
o J u - 22.Mg 

integrating gi vel! 

- A.D.l.16 

1 

~. ) 
20 ) 

= lS.t + co ..... ... u. 

22.Hg 

t'rom vIlicb 

v-- 1 -n - A.D.l.l? 
m.t + o.coJ!St. 

where m and n are givwn b,y equations A.D.l.l1, A.D.l~l2 •. 

!.D.l.l4 and A.D.l.1S 

/.1.60 



putting in the boundary coDd1tlon that 

V = Vo when t = 0 

yields 

Vl!Iile/h = 1 

m.t + ( 1 ) 
(Vo+- n) 

-n - A.D.1.18 

It i >- A again making the substitution 
J.D2 0, 

that 

u = v·d·~. 
o 

equation A.D.l.5 !IOW beoomes 

l!du. __ 
o 2 t2 -. u-

the solution is that 

const.~ 

Loge 1+! = 2 ]I: m.! x (t +const.) 

1-, 

- A.D.l.19 

_ A.D.l.20 

~l. - A.D.l.21 

r&-61Tangement and substitution of the boundar;y condition that 

V-V whent-o 
- 0 -

yields 

il.61 



I 

TBIIh (m.f.t)+ (Vo+n) 
Vm1le/b = £ ( t ) 

1 + ~Vof n~ TBIIh (m.£.t) 

- n ---- A.D.l.22 

again, i,m and n are defined by equations A.D.l.10 to A.D •. l.1S • 

. " . 



APPENDIX De2 

I.1 nyriaatlop ot a fAllH funct1gp 

Appendix ,D.l ahows that the ez;per1msntal results ot a 

deoeleratlon test uJlOn a vehicle should obeT one of the equations 
. . 

&.».1.9, A.D.1.1S or 4.D.1.22 dependent uJlOn the drag coefficients 

ot the whio1e. 81nce the plrJlOse ot the deceleration test ls to 

tind the drag ooeffiolents, the equations should first be 

Unell1'1sed to enable a curve fitting prooedure, such 88 the 

method ot 1I1east aquaresB to be used. 

Equation A.D.1.1S ls relatively simple to deal. with. Equation 

A.D.1.9 ls v1rtua1~ imJlOollible since lt is a tangent functlon. 

Equation A.D.1.22 lIq, however, be l1neeri8ed. 

Equation A.D.1.21 in Appendix D.1is given as 

~~! = 2.m.f. (t+ conat.) 
11 

tb10 may be re-loIl'itten in the form 

'1 = 2.k. (t+ const.) 

wbsre 

'1 = Loge' 

- A.D.2.1 



It ~ be sholill that 

u = f. TaDh (k (t +const.) ) . - A.D.2.3 

where u is defined tu equation A.D.l.19 as 

u = V·d.a 
20 

- A.D.l.19 

It Bd =' O· and there vas SI!rO wind speed dlU"1Dg the test, 

then b = 0 

Hence, u = V 

Nova teature ot a TaDh tunction is that it is aqmptotio to 

unity aDd that ill1tiallJr, the function approaches ulI1ty wry 

rapidlJr. 

Note that 

taDh 2 = .96 

taDh 3 = .995 

taDh 4 = .999 

TIl*s a curve ot the exparimsntal results V = Vet) w1U 

reveal t in equation A.D.2.3 as the value ot V at a large time t. 

Hav1Dg tound 1., it is possible, tu us1.IIg a Dleast squares· 

computer progrmn or tu plotting y against t, to ftJId a preliminary 

value ot k. 

This preliminary value ot k mq be improved upon by subsequent 

iteration until the desired accurac:vis reached. 



! 
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APPENDIX Dt'. 

Digital cOlllplter program to reduce the vehicle drag coetficients , 
trom the results ot a deceleration test. 

leT 1905 program 0032 

This program,' Usted belov, accepts t1me against speed points 

trom a deceleration test on a vehicle. This data'ia reduced to 

the drag coefficients, tirst aosuui1ng that there is a drag term 

proportional to velocity aDi than aoaum1ng that vehiole drag 

consists ot a rolUng resistance term and an aerodynam1c drag 

term only. Finally, the program' /ii1ves a check on the accuracy 

ot the overall teat and reduction ot resuts, also a comparison 

can be made ot the aocuracy ot ons set ot drag coetficients against 

the other. 

The program starts by smoothing out the input data by1'1tting a 

sixth order polynomial to the raw results. The accuracy ot this 

tit can be assessed because the tllll Bread_inn" values with the 

respective curve ,fit values are printed out in th~ foro ot a table. 

The output data is so arranged to give adequate information on 

the accuracy 01' the reduction aDd the actual test at every stage • 
. 

AlloWance is mode for wind speed~ tut it should be reel1sed that, 

tor accuracy, the wiDd'sPsed should be low and at a small angle 

only to the head-on direction 01' the vehicle. , 
1 • • • • 



Inp1t Read-1n data 

Card 1 

Card 2 

.~~. , . 

Card 3 

Heading data, vehicle model, date &tc. Loaw column 1 
blllJlk. 

n,1t Free fixed point format 

B =. Eo. of data points 

K = Order of pol¥DOIII1ol curve fit to 111p1t data 

If zero, the progzoQlll w1ll use sixth order. 

We1ghtot vehicle Ibf 

SUm total ot wheel inertias elug i't2 

rolling radius of wheels it 

ambient pressure in Hg 

ambient t8liiP:n'sture OF 

proJeoted fiontal area of vehicle i't2 

(if the projeoted fiontal area 1s not known, re..d 

1a .c.N) 

windspecd mlle/h 

wind direction relative to head-on deg 

All in free floating point format 

Card 4 Wld 8Ubse~ cards 

input data 1n tree floating po1nt format co1lS1stlng 

of N pairs of time am speed polnts. Put t1n (8) 

first foll0ve4 br speed (mile/h). 



For a repeat run with new data, put aIl1 poB1tive 1nteger in 

colUlilJlS 1 and 2 of the next card. 

Repeat from Card 1. 

Otharv1se, leave the last card BLANK. 

An example of the outp!t from this program is given in 

Part D, section 4. 

Statement numbers 32 to 102 -r 1 of the listed program 

concern the" "read-1nD data given above. statement IJWDbers 

102 + 2 to 1 set the projected frontal area of the vehicle at 

unity if the actual value is not known, that is it it has been 

read in as sero. Statement number 1+ 1 evaluated the equivalent 

mass of the vehicle am the folloving DO LOOP down to statement 

2 sets up the inp!t data for the polyDom1al curve tit subroutine 

POLY, listed in Appendix B.1 From there down to statement number 

106 the input data ls pr1Dted out for reference~. 

The coefficients of the sixth order polynomial curve fit 

at statement number 106+-1 are given as COF(l), COF(2) -COF(7). 

The DO LOOP down to statement number 3 sets X as the vehicle 

speed, differentiates the pol¥nomial expression to obtain the 

vehicle deceleration vhich is then multiplied by the equivalent 

maes of the vehicle to give the drag force. This drag torce ls 

then given the symbol I. Statement 107+ 1 fits a second ordar 

4-(,7 



po~m1al to these I alii Y values. Tbe resultill8 coefficients 

COF(l), COF(2) and COF(3) are then reduced, mslr1ng due allowance 

for tbe besd~n wind speed during the test,. to ~ve the drag 

coefficionts Ad, Bd and K. These ruues are printed-out. If 

tbe prOJ6cted frontal orea of the vehiole is not IaJovn, the 

product (K.A) il!l printed-out imtead of K. Ill.oo printed-out 

herll is the aerodynamio drag coefficient Cd and the air density 

on tbe d~ of the test. 

Statement rmmbers 15+1 down to 19 test the coefficients to 

see whicb of the expre.sions 4.D.l.9, A.D.l.1S and A.D.l.22 in 

Appendix D.l is applicable to the orlgS ns] data. The appropriate 

expression is partially reduced and stored as AL, GC and AM. 

The DO LOOP to statement rmmber 7 glves the symbol X to 

the square of the vehicle's relative air speod. Symbol Y Is, 

as before, the drag foroe. Statement numbsr 7+ 1 fits a straight 

line through tbe X and Y points from which tbe drag coeffioiants, 

asllUm1llg Bd = 0, are found. These drag coefficients are printed

out. 

The program between statement cumbers 13 and 117 concerDl!l 

the obeck on tbe accaraqy of tae results and of the test itself. 

Botb sets ot c:U.culated drag coefficients ore fed back into tbe 

appropriate V = V(t) expression goverDiIl8 the deceleration test 

(see Appendix D.l). The orlglDlll. vehicle speed against time 



results are compared with the two'sets of calculated results 

us1ng ,the two eete of reduced drag coefficients. 

Statement J!Wllber 117+ 1 reads in a card which, if blank, 

signals the end: of the calculations. If, however, a pos1t1ve 

1nteger 3.s found in e1ther Column 1 or Column 2 or both, the 

program switches to the beginning and aDOther set of data IIIllY 

be read-in. 
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Constant paller c;ums 

This appendix concerns the design of a drav1r:Ig instrumelIli 

suitable for sketching the constant pover curves on an engine 

torque .:. speed graph (ftg. 83:.1);. 

Since, for a constant power curva 

P - constant - T:z: B - - _ A.E.l.l 

the relationship between ordinate ('1') and abscissa (N) is 

'1' = const (!') 

B 
which describes a lijiperbola. 

- A.E.1.2 

Mahie and Ocv1rk (102), in a chapter of their book entitled 

"computing mecbaD1sl!lS". describes the device sbmm in Fig. A.E.1.1 

as an "invors1onD mechanism. This has been re-arro.nged to form 

Fig. 133.3. A stu~ of the similar triangles (pdb) and (acp) 1n 

Fig. E3.3 shows toot the instrument will prodlloe the relationship 

between torque ('1') and engine speed (B) given in equation A.8.1.2. 

The product (A.B) being proport.1oml to the constant pover (P). 

It is not necessEll7 to know the value of a constant power lino in 

Fig. E3.2 in order to sketoh in the optimum control lino. 

The geometq of the mech!1n1sm shown 1n Fig. E3.3 IIIB1 be modified 

at DUt (0) in order to provide the different constant povor curves. 

These curves are prodllced b7 placing the instrument onto a torque -

speed plot with the rut (0) looked. A pencil point Is placed In (q). 



CoJIt1Jm1ng in this fashion marks .out 8 constant pover C1IZ'W. 

Unlock1ng IDlt (0) and re-positioning fulcrum point (p) before 

re-lock1ng and repeating the operation produces a constant power 

curve of El different value. 

It is envisaged that the 1nstrwneiJt· could be produced in 

plastic -and that it W)ulci -be of considerable benefit if a large 

IlWIlber of torque-speed plots required lines of constant power. 

. - . 



APPENDIX E2 

Commter program Ble4 tor COnyertiM engine charaoterlgtigs 

Table A.E.2.l lists comPuter program Bl84. The first "call" 
statement, a1'ter the DIMENSION AND DATA statements, cells up ti).e 

olock built into the ICI. 1905. Storage space n therefore contains 

the time. The second DcaU" statement opens up the graph plotter 

attached to the ICI. 1905, ready for use. The program then arranges 

to execute NCASE different sets of angine oharacteristics. For eaoh 

set, the engine capao1t7, expected mar'nDlm brake horsepower, whether 

the engine curves are expressed as torque or brake meen effeoti ve 

pressure curves and finally, whether the engine is a two or a foUl'

stroke, must be supplied. The value of the expeoted IIIru!imum brake 

horsepower is used to set up the scale of the ordinate ms. It is 

not" used in the calculations and so need not be aocurate. The figure 

supplied by the angine manuf'aoturar is adequate. 

Atter printing the information read in for refarence pll'poses, 

the program oalculates Dcn, ,"#being the torque or b.m.e.p. conversion 

factor in order to obtain horsepower. Next, the m1nimwn and mar'DDlm 

ensine speed values on the existing engine torque (or b.m.e.p.) plot 

are read in. 

The program arranges the characteristios tobs plotted suitable 

for a report of A4 siBe. That is that nNS = 10. and XIlIS = 6". 



The Y-ecale ls arranged to read from sero to a round figure 

appropriate to PMAX. S1m1larl¥, the X-scale ls arr~ to read 

.from XMIN to a round f1gare appropriate to IMAX. The value of 

XMIfI ls then mod1f1ed to give a roUlId figare at evtll7 inch of the 

X-scale, 1.e. the step length. If XMIfI becomes nsgatlve ln the 

process, the whole X-scale ls the.o moved along until IMIII ls ;;zaro. 

The program the.o calls UTP/oA wl11ch draws ln the X aDd I scales using 

the graph plotter. 

F1rst, the full throttle (or full rack) power curve ls dealt with. 

The IlWI1ber of points (lIP) ln order to descrlbe the curve 1'1 read In. 

Th1s is followed b1 the tull throttle speed and torque (or b.m.e.p.) 

points. These ere then converted to pover - speed points using the 

converslon factor nCII. These points ere then supplied to the graph 

plotter (UTP4B) and the tull throttle power Une is plotted. 

Next, the IlWI1ber of s.f.c. Unes to be plotted is read in (NLINE). 

Then, for each s.f.c. Une, the procedure is the same as tor the tull 

throttle Une. 

After the last s.f.c. Une has been plotted, the clock is again .... 
consulted and the time taken, 1n seBoJlde, is printed out. When all 

, 

the e~na characterlstics have been processed, the program closes 
, ... 

down the gl'aph-plotter b1 cal.l1Jlg UTPCL and stops. 

A typical time for the execution of one set of engine characteristics 

1s in the region of lOO. to 220 seconds. 



APPEI!DIX El 

Eoo ne gharActeristic. 

This Appendix coJIt.a1ns a number ot eDg1ne characteristics 

converted flooll those 1n tile Motor IDClustrys Research Assoc1ation 

publications by using the computer program m84 listed in Appendix 

E2. Belov are some IlOtes on each of the plots. 

Fig. ,A.E.a.l 

PeugllOt 404, petrol engine, 1961 model 

capac1t7 98.77 1n3 1618 co 

bore 

stroke 

3.307 in 

2.874 in 

84 mm 

73 !!DD 

4 - cy11J!der, overhead valve, engine ot compression ratio 7.3 to 1 

having Q single solex carblretter. The engine is water cooled. 

Fig. A.E.3.1 ~hould be compared with the or1~Ml torque - speed 

plot re-produced as Figs. E3.1 and E3.2. 

1961, Volkswsgon VW 1500, air cooled, petrol eDg11l8 

capacity 

bore 

stroke 

91.1 W 
3.27 in 

2.72 in 

1493 cc 

83 I!III 

69 II1II 

tour ql1nders, J.,-stroke, in horizontally oppceed pairs. 



Fig. A.E.3.J 

1964, Simca 1500, 4 otroke, petrol engjne 

capacity 90 1n3 1475 cc 

bore 75.2 IIlm 

stroke 83.0 B!III 

Four cyUllder, iD Une, vertical engine. 

l1.s.U. llankel rotary engine (petrol) KRM 502 

This engine is fitted into the N.S.U. DopiderD sports car. The 

compression ratio ot the engine 1s 8.6 to 1. The load line on 
\ 

Ii'1g. A.B.3.4 1s'that ot the spider, taken from Frode (100). 

Ha, AtE.3iS 

M.A.N. Mult1-fuel engine, type m246 MV3A. The eng1ne 1s 

designed to run on both diesel fuel and petrol and emplO1ll the nMD 

combustion, system designed bT Im. J.5. Meurer. The curves 1n Fig. 
/ II..E.3.5 ore a result of 1"lMing the engine on diesel f't1el. ,-

The engine obarSoter1stice ore WlIlsual 1n that the)' resemble those 

of a compress1on 19n1 tion en.,a1ne at low speed and those ot a patrol 

en"a1ne at high engino speed. Nevertheless, the very low s.f.o. figures 

(O.AOO rnaySmnm) and the very shallow gradient of the s.f.c. contours 

denotos tbe curves os bas1ciii~ those of a compression igrd.t10n eng1ne!l 



Fig. ~.~,~,6 

Deuts F6L 514 

capacity 4S7 ir? 

bore 4.33 in 

stroke 5.51 in 

engina. 

Ccmpresa1cn igD1tion engine , 

7983 cc 

llP IlICI 

140 mm 

G.M.C. 6-7lE, 2-stroke, compresa1on igD1t1on engine 

capacit7 

bore 4.25 in 

stroke 5.00 in 

compression ratio 17 I 1 

fHl4 cc 

108 IiIm 

1'Zl IiIm 

six CYl1rxl:~s in-line. water cooled. 

---------
11.60 



Gas Turbine component matoh (free pover turbine) 

Fig. A.E.4.1 show sohematioal~ the arrengement ot the free 

JXMI1' turbine maobine IlJId the IlWllber convention ot 'the statioJlS used 

in tbis Appendix Fig. A.B.4.2 depicts the general shape of the 

pressure and temperature oharacteristios ot the oomprflSBOl', ot the 

compressor turbine and ot the tree power turbine. , An explanation 

tor the general shape ot these ourves and the use :ot the llOn-dimenaional 

parameters may be to,1lIlCfi in text books on gas I!Urbine engines. 

The component match study is conducted by t~Bt superimposing 

the compressor-turbine characteristios onto the c?mpressor character

istics in order to study the gas generator match, and then by 

superimposing the load and the free power turbine oharacteristios 

onto the compressor characteristios to obtain the fUll component 

match study. 

Dealing first Id th the g!lS generator component match • 

Gas generator match 

The compatib1Uty equations to be satisfied are 

rotational speed 



'. 

mass flow rate 

,;, Ft;. = MAl 
P~ Pt3 -

Cp34 ---

where Tt = gas total temperature 

spacif'1c heat at constant pressure 

mechan1cal efficiency 

Pt = total preasure 

N = rctatioMl speed 

J! = air mass flow rate 

It is assumed that the mass flow rate of f'uel equals the air 

mass flow rate neCeall~i' to cool tbe tur~ beal'1IIgB aIl4 rotors. 

The proceduro lIOW is to searcl1 oloDg a particular I11.[T;l 

Une on the compressor cllaracter1st1c8 by trial and arTQl' metllods 

in order to rim the point vI11ch satisfies the three compatibility 

equations for a specified value ot TtJ'ltl. Repeat t"or other values 

ot" Tt~Ttl on the compressor charccter1stic. 

The resulting graph, Fia. A.E.403, represents the gas generator 

kB2 



component match. 'fh1s givee the all important inlet to turbine 

temperature for bigh compressor efficiency' without compressor surge. 

'fhe secoId stage is to deal with the free pover turbine aIId 

the load. 

rpm Turbine Matgh 

'fhe procedure is, from 8 plot of the required load horsepower 

against power turbine output shaf't spsed, to obtain the equ1l1.brium 

running line on the gas generator characteristics. 

It is usual to ~ect al\V 8remD pressure in the engine air 

inlet and to assume that the air is expanded dovn to ambient pressure 

over the ::·r.~ power turbine (i.e. Pts = Ptl) 

Aga1n~. t~ three compatibility equations are those of speed, 

mass fiov rate aIId power. 

'fhs procedure from here is to search along a 'ft/'ltl Une to 

find the equilibrium running point. In detail, this may be achieved 

by 

a) gusss 8 point on 8 particular 'It.j'ltl line on the gas 

generator characteristics. 

0) from equations A.E.4.1 and A.~.~2 evaluate 

NI J Tt3 and (fl J Tt3)/Pt3 

4B3 



d) hence fix the point on the compressor-turbine characteristics 

and obtain Pt3 and Tt4 
f'l'Om Tt3 - Tt4 - -

Pt4 ft3 'lt3 

e) DOW obtain 

Pt
4 - pt4• Pt, - A.IS.4e4 -

PtS Pt3 P~ 

and 

1fI I 'lt~ - A~ ~ Pt - J )(. ..!It..::l - A.~.4.S 

Pt4 Pt3 ft3 Pt4 

f) the guessed point ~ DOW be located on the pover turbine 

characteristics, from which t.he speed of the output sbafi 

(Bp) ~ be found from 

g) and the POVel' outpllt from 

polJl!:r' output = ~ Ft,.. 
P~, 

4-84 



h) If thia does not equal the power required b1 the load at 

outpo.t ahaft speed (llp), try another point on the same Tt:/ltl 

Un. until equ1l1brlU11 polnt la found. 

1) Repeat with other TtfTtl Unea until, t1nal17. the Bequ1Uhr1U11 

runn1ng UnaB la datarm D8d on the gas generator characterlstics 

OB shown In Fle. A.E.4.40 

Fie. A.E.4.4 shows at a glance tha overall componeDt. match In 

relation to the load aM the risk of compressor surge during 

operation. 

4.B5 



APPENDIX Fl 

Engine - torque converter match procedure 

IntroductorY Remarks 

The engine speed is net related d1rect~ to vehicle speed w1th 

an automatic transmission. It I!IS¥ hovever, be calculated using the 

torque converter characteristics and the engine characteristics 

sketched in Fig. A.F.l.l. The K-factor and torque rntio (Ta) 

characteristics are unique for a particular torque converter and 

describe tul~ its performance. The engine torque curve is shovn 

and, for convenience, a development of the torque curve knovn as 

the engine K-factor against speed curve is shown. The engine 

K-factor'is defined as 

engine K-factor = engine speed rev/min 

/net engine output torque lbf it 

and forms the link between the engine and the torqus converter 

characteristics. The torque converter I(..factor and torque ratio 

terms are defined ln Part F, section 2. 



Tbe -Direct" Method 

Jhe engins and torque converter are cons1dered as a combined 

UD1t, called the povu UD1t. Tbe torque against spe€Cl 

character1st10 of the output shaft from tbe power unit 1s 

calculated as follow. 

Assuming steady state 1'WlIl1ng, 

1) taldng speed .rqtl,o .(SR) as the 1ndependent variable, split 

tbe speed ratio range (1.e. lIero to UD1ty) 1nto small steps. 

2) for each speed ratio, consult the torque convertor 

characteristics and read off the K-factor • 

.3) transfer this to the engine K-factor curve am read off 

engilltl opeed (Ng) 

4) bonce calculate engine torque 

5) consult the torque converter character1stics and rend off 

torque ratio (TB) 

6) IlIIllt1ply engine torque and torque 1'lltio to give output shaft 

torque 

7) IIII1lt1pl.y engine speed by speed ratio to give outfllt sbaft 

speed (No) 

".'in 



8) hence obtain the steady state output shaf't torque against 

speed characteristic of the power unit 

,The vehicle performance may then be calculated in the normal 

way provided that some allowance is made for the mis-match between 

engine and torque converter C3used by the .accelerat1.ng engine. 

other Methods 

Methods, other than the Runge-Kutta-Qlll and the "Directft 

method described above, may be employed in the vehicle porformance 

calculation of automatic transmissioned vehioles. Tvo such msthods 

are described below as ftlterative Approach No.,lD and nlterative 

Approach No. 2ft • As their description implies, they are trial 

and error type solutions. Their inclusion herc is largely for 

completeness, they have little to recomaend thelll since the engine 

and torque converter matching procedure cannot be separated from 

the vehicle performance calculations. 

J 



Iterative Approach No. 1 

The engine and the torque converter are treated as .separate and 

distinct uD1ts. If' the vehicle is acceleratiag (under full throttle), 

at! a particular speed V cile/h. CUld hence v1th a knovn, specified 

gear ratio, 

1) calculate torque converter output shaft speed (No) from V, 

gear ratio, drive axle ratio and rolling radius of tyres. 

2) guess engine speed (BE) and engine acceleration (dBd 
(dt ) 

3) calculate speed ratio across torque converter (DofBE) and 

net engine output torque (after allov1ng for engine inertia, 

front pump eto.) 

4) evaluate engina K-factor 

5) putting engine K-factor = torque converter K-fBctor, read off 

speed ratio (SR) from torque converter oharacteristio. 

6) from (SR) and No, evaluate engine speed NE. If NE is different 

from the value assumed above at (2), assume a LllV value and go 

back to (2) 



7) having obta11l11d l\: aDd speed ratio (SB) to the reqllired 

accuracy. read ott the torque ratio (TR) from the other 

torque converter characteristic. 

8) hence calculate torque converter output torque am so 
• 

calculate the vehicle acceleration and time during speed 
• 

interval dV. 

9) knowing the timG interval and tbe engine speed at the prev1o~s 

vehicle speed (V-dV), calculate engine acceleration. 

10) if engine acceleration is different to that assumed at (2) 

above, assume a IlSV value and go back to (2). 

11) if the engine acceleration is within a specified tolerance, 

routine ends and the vehicle acceleration calculated above is 

doclated the true value. 



Iterative Approach No. 2 

This is a variation on Iterative Approaches Ilo. 1. The speed 

ratio of tile torque converter is taken as the independent VIll"iable 

aDd tile speed ratio range split up into steps. 

1) for each speed ratio, consult the torque converter curves 

and read off tlls It-factor aDd tile torque ratio (TB) 

2) lJUess engine acceleration and so calculate the engine 

inertia torque. 

3) construct tile engina It-factor againet speed curve from ths 

engioo torque ClLoove and the enains inertia torque. 

4) t'rcim this curve and the torque converter It-factor, calculate 

engine speed. 

5) hence calculate eDBina torque output from the engine. 

6) multiply this by torque ratio (TB) to give the output torque 

from the torque converter 

7) calculate vehiole acceleration 

8) hence re-calculate engine acceleration and go back to (2) 

until the required accuracy is obtained. 



.. , 
, 

\ 
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APPEJDIX 12 

Relationship between percentage change in output ehaft speAA 

alld torque due to change in eMins torque 

Consider a particular speed ratio of the torque convarter. 

Hence (SR) apd torque ratio (TB) are known and are fixed. 

Let the engine torque drop by a small proportion (a), thus 

T = TE_ It (1 - .) - A.F.2.1 
~ -X = ° 

-l' 
~ =0 

From the two torque converter characteristics are obtained the 

two eets of relationships 

1'0
1 

= TB x TE 
:0 1=0 - A.F.2.2 

- A.F.2.3 

andN =SRxN.. 
OZ=O "1:=0 - A.F.2.4 

N =SRxR... 0
1 

-b; 

I 
flow, if equiUbrium running ie assumed such that the torque 

converter K-factor characteristic is unique, then the torque 

converter K-factor = the engine I-ractor. 



1,.93 

Hence, 
. , 

tberefor,e, uelng e~atlon ~.~.2.1 , , 

x (1 _ a)t 

, ciTE'" , 
1-0 alnce a ~1; ,;be firet term of tbe binomial expression ~ be 

used, bence, 

~ ,= NJL x (1 - a) 
I -x = 0 ( 2) 

- A.F.2.7 

putting e~tlon A.F.2.7 Into A.F.2.5 yields 

No = BR x NE ' 'x (1 - 11)' '.' 
I 1=0 ( 2) 

Uoing equation A.F.2.4 gives 
, , 

N - N . x (1 - &> 
Ox - 01 = 0 ( 2) 

- A.F.2.S 

Alao, putting equation A.F.2.l Into A.F.2.3 yields 

:: Ta x '1' x (1 - a) 
El = 0 

Uoing e~tlon A.F.2.2 gives 



; 

TOI = TOI = 0 x (1 - a) - ,.F.2.9 

Equation A.~.2.9I1hovs that tbe percentage cbange ln tor,que 

converter output torque eqUal. that of tbe engine torque, that 

ls that 

- A.F.2.10 

'l 
Ox = 0 

Equation A.F.2.S sbow that tbe percentage change ln torque 

converter output speed ls half that of tbe engine torque, that 

ls that 
- ~ "4 

--

It follow therefore that 

- A.F.2.12 



AppENpIX F3 

Calculation of the change in outPUt torque due to an 

Accelerating engine 

Referring to Fig. F4.3 in the main text, a drop in engine 

torque causes the curve to move down and to the left. The 

relatioJIBh1ps between these two points A and B is know (s .. 

Appendix F2) .•. Hpvever, it is required to f1lld aD exprese10n 

for the torque at point C. Thus 

The tana in this expression are defined in Fig. F4 • .3 IlJId sect10n 

F4. 

Now, Fig. F4.3 shove that, it the change 1s emall, 

Dote that ( \'1'0) 1s negative, usual.J.y. 

(~u;;-) 
1.e 



tberefore, using equation A.F.2.l2 in Appendix F2 

Hov, the elope of the curve at point B is not known d1rect~. 

It is not exact17 equal to the slope of tbe curve t~h A, vbich 

is known, because the percentage change in speed is half that ot 

torque. Using reasoning identical to that in Appendix F4, it can 

be shown that the slope of tbe curve through A equals that of a 

matching study curve through point D in Fig. F4.3. A emall error 

01117 is incurred in using the known slope through A because the 

correction for ms-matcb <"~T~) is small Ilnywq. 

T~efore, it ~ be said that 

N 
01 - 0 - x 41'0 

I 

2.1'0.. 
-~ - 0 - . 

It is now necessary to establish 11 relationship between the 

vehicle acceleration (f) and the decrease in eneine torque output 

due to its own acceleration. 

The angular acceleration of the torque converter output sbaft 

is related to vehicle acceleration b,1 



. 

- A.F.3.4 

Nov tbe engine aooeleration is g1 ven by 

- A.F.).!) --
Tbe engine inertia torque is g1 ven b7 

- A.F.).6 -
Combining equations A.F.3.4, A.F.3.5 and A.F.3.6 yields, the 

relationship 

L:l.TE , = le x ~NE x r x DAB :x GR - A.F.).7 

~No rr 

1'1nall1, usillg equations A.F.2.2 and A.F.2.3 in Appendix F2, 

ATOZ = TB 
- A.F.3.8 

Hence A To is expressed 10 terms ot vehicle acceleration (t) 
I 

Since the cbnIlge in torque due to mis-matcb (4T~) is related to 

AT , see equation A.F.3.3 above, that too mq he expressed in 
01 

terms ot veb1cle acceleration. 



The term ( ~ ~No) --1n expression A.F .3.8 should be, the 

slope or the curve at po1nt C 1n Fig. P4 •. 4. 

It 1s now possible to proceed fUrther and obtain the outpu.t 

torque from the torque converter making due allowance ror the 

accelerat1ng engine. . .. 
Subst1tut1ng equat10n A.P.3.8 r1rst 1nto A.P.3.3 and then 

tnto A.F.3.1 1ields 

TOe = TOA + ~Ie x ( ~liE) x f x DAB x GR)t~o x !!a _ (1' ) ) 
~ ( ~) rr ) 0 2~1'Ez-o (.2A ~) 
~ . - ~1'EI:O) ~ 

) 

this msy be re-arranged to 1so1ate the Vl!h1cle accelerat10n . 

. x' 
x DAR x GR 

- A.F.3.10 

Now the term ( ~~) 1n equation A.F.3.10 is known onlf for po1nt A 
( ~) . 

1n .Fig., F4.4 Append1~ F4' shows that the slope at po1nt A equals the 

. slope at po1nt B. However. the term ( 11~~ refers to the slope at 

~1i;) 



point C. UsiDg the known slope introduces a small error. The 

error is small because Fig. F4.4 show that ¥hen the slope Is 

large at high engine speeds, there is very little difference ~ 

the slopes of the two curves. When the engine speed is low, the 

slopes are small ~ay. 

However, it is possible to make some allowance for this error 

when calcUlating the vehicle performance. Having cal~ated the 

output torque trom the torque converter 

section F4, using the approx1l!11lte slope 

1s known. 

(To ) as described in 
c 

(~Ng/ ~No)A' the term 

Using equation A.F.2.8 in Appemix F2 and the known polyDOmial 

expression governing the slope of the curve, the slope at C ~ be 

found from 

etc. 

It is DOt necessary to 1tarate, since the effect of the 

d1fference 1s very small. It is sufficient to cote the d1trerenc. 

end to add it onto the calculated slope at the next vehicle speed. 



Tlms the error in one step lengtb 1s applied to the next. 

Inclusion of this procedure altered the calculated time to 

90 mile/h. of a vehicle from 5.3.0597 seconds to 53.0733 seconds, 

a negligible difference. 

500 
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APPENDIXi'4 

Hate of chaD"" of engine speed' with outPUt shaft speed; 

lii.th reference to Fig. F4.4 in Section 4, the purpose of 

this appendix is to show that the slope of the CU1'Ve. through B 

is the s8lle as the elope of tho curve through A. 

Tho known polynomial expression linking en"l71ne speed and 

now, from Appendix F2,'eqqatioDB A.V.2.7 and A.F.2.8 

No.. = N x (1 - A> 
-A. °Z::O 2 

honce, 
" 

rigZ = 

thus, the slope at B 



that is that 

(6 )2 
d )+ 
(1 - W 
( 2) 

eto. 

eto. 

Comparing equation A.Y.4.4 'With A.J!' .4.2 sb.ovs too right hand 
;. 

sides to be 1dentical. Hence the slope et B = slope at A. 

So2. 
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