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SECTION Pl

ntrodu )

A conclusion of Part B and the szgz of the "4idlend Red Coach®
in Section Cll show that it is essential to know the drag force of
a vehicle accurately in order to predict its performance‘. The usual
form of dra'g t;o:::ca expression 418 a second order polynomial with
vehicle velocity as the independent wvoriable. The mecond order term
is called the Y“aerodynamicdrag, while the constant and linear terms
together nr;a a2id to be the "rolling resistance®, The form of this

. expression ip given in Section B3,

It 15 necessary to study therefore, the techniques available for
drag measurement and the gultabllity of the usual form of the drag
expresaion, The study of the techniques avallable in Section D2 is
an extension, in rather more detall, of the instrumentation review
in Section A2, subsection 8. It is showi in Part D thet the
deceleration® test is a suitable technique and hae tine edvantege
that it is cheap to conduot ard that it 1s accureste, since it has
been uged as the basis of ecsessment of vind tunnel tests (24).
Further, it yields the full drag force, both acrodynsmic and rolling
and eaters to some extent for the interection of the paraneters
affecting the rolling resistance mentloned in S8ection B3. The
deceleration test may be devaloped therefore to provide data in

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

expresaion,



Also, the Departmont of Transport Technology, Loughborough
University of Technology, is developing its own vehicle speed
measurement and data reduction equipment. The deceleration test
forms a convenient neans of assessing the accuracy and repeatability
of different instrument systemns.

Part D therefore, develops the deceleration test as a means of
obtaining the drag coefficients of a vehie;e by providing answers
to the main objections to the use of fhe deceleration test. These
objections are the effect of wind speed and the tedious dots reduction.

Further, a built-in checking procedure is provided.

Hotes ‘ The date reduction technique for the deceleration test
contained in Part D togethker with detailse of the
instrumentation under development have been published
in a paper by G.G. Lucas and J, Britton, read at the
derodynamies of Road Vshicles symposium, City Univarsity,
November, 1969.
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SECITON D2

11in e _resi ®

There ore two methods in current use for determining the
rolling rosistance of a tyre. The first is to enclose a test
wheel in o box apd to tow the box using a loasd cell in the tow
bar. The box i3 designed to eliminate the aercdynamic drag of
the test uhael itself. The test wheel may be loaded by placing
veights in panmiers fixed to the tost wheel frame. Such a rig
is described and illustrated in the Jamary 1967 edition of ths
Autouotive Design Engineer (2).

The main disadvantage with this type of rig is that there
is 1ittle control of road surface or of tyre temperature. Bgth
these factors can have an effect upon tyre rolling resistance
(sse Part B, section 3).

The second method of measuring tyre rqll:l.ng resistance is to
loed the teat wheel against a rotating drum of large diamster.
Becaus® .. closer control can be made with this type of rig, it
is favoured even thou:h the surface li coiduob with the tyre is
curved rather than flat. Allowance has to be made for the curved
purface when interpreting the results.

The usual practice, therefore, is for the tyre mamfacturer
to supply the vehicle momufacturer with the full characteristics
of his product.



There io the difficulty in interpreting these characteristics
for vehicle performance work, since tyre temperature, inflation
pressure, torque level and road surface should be specified. It
18 pot unnatursl, therefore, that ‘vehic;e rolling resistance is
ususlly represented 'by a constant term. Reference to Fig. B3.2
sh&ws that this is approximately t:rue up to the speed at which

the standing wave forms in the tyre tread.
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Aerodynamic drag
The usual method of obtaining the aerodynamic drag coefficient
of a vehicle is to subject either the wehicle itself or a model
to a!uixﬂ tunnel tést. Those tests pose certain diff:lcultie.s
which may be classified under four hea@ings.
1) Correct representation of the ground
2) Blockage effects _
3) Correct representation of the vehicle
4) Reynold's mmber effects
Points 3) apd 4) may be avoided by using a full scale wind
tunnel of the typs exlsting at the Motor Industry Research
Association, Lindley. 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 wind tunnel (24), However, such facilities are ezpensive.
Blackage effects may be measured separately and so allowance
may be made.
The correct representation of the ground however, is difficult
to deal with. On the road, a wvehicle moves relative to the air
and the ground. In a vind tunnel, the wvehicle is statlonary and
so may have no velocity relative to the ground. The verious
methods employed to overcome this problem are given by White and

Carr (24). Briefly, there are



a)

b)

o)

)

e)
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Fixed platform to represent the ground., This is ths

Bost common method but it does mean a thick boundary

layer underpeath the car wvhere ons would not exist

in practice.

Fixed platform with suction to remove the boundary

layer. |

Img;ge method.,

The model is imaged about the ground plane thereby causing
synmetrical alr flow and correct representation of the
ground, The main difficulties, apart from the cost of fwo
models, are the sige of tunnel required and the control of
the downwash.

Semi-image and plat.form.

Designed to alleviate the extra model required for c)
bowever, a large tunnel is still required. The model is
mounted on a platform. Below the piatform at right angles
to the platform and affixed to it a wall is positioned such
that the flow splits aymmetrically at the nose of the platform.

Endless belt. _

The model is arranged in the tunnel with its vhesls touching

an endless belt moving at the alr speed in the working ’
section. Such installations are expensive and are usually

confined fo small acale tunnela.
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Decsleration tegt

Thls msthod has a lot to offer hecause it raguires no
expengive wind tunnel installations or special rigs and because
it yields Loth tke acrodynamic drag coefficlent and the rolling
registance,

The vehicle under test is driven up to a speed not far short
of lts maximun speed and Lhen allowed to coast in neutral gear.
The deceleration ngainst speed history of the vehicle is recorded
during this coastinpg period either bty direct measurement of
aeceleration or irom a plot of vehicle speed against time. The i
test track must be straight and preferably level. If a small
gradisnt existe, it must be known. Several such test tracks at
The Motor Irductry Pesearch Ascocleticn pwovaig olw2id at Liraluy
meet these reguiremento,

It 1s usual to favour the less dirsct method of measuring
the vechicle speed egainst time characteristie, rather than attempt
to meagure vehicle deceleration directly. Unless the trazk io
virtually frec of all bumps etec., the pitching end vertical motion
of the vehicle makes the measurement of vehicle deceleration
difficult (43). it is possible to measure the vehicle deceleration
accurately 41sing accelerometers positioned at the centre of gravity
of the wvshicle, but such instrunentation is expensive and time

consuming to zet up.
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Fig. D2.1 is a typical plot of the less direct method of
a wvehicle 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. Fig.

D2.1 refers to the Honda 5800 and was extracted from "The
Autocar® (31). .

Measure the clope of Fig. D2,1, calculate or othervise
 obtain the vehicle deceleration at a mmber of different
vehicle spseds throughout the range. Then, krowing the mass
of the vehicle and its rotating parts, obtain the drag force
using Newton's second lew. FHence obtaln a plot of wehicle drag
against vehicle speed. This drag force is due to both the
aerodynramic and the rolling resigtence. !

The particular appeal of this method for this vchicle
performance work lies in its cheapness, simplicity and not least
to the fect that "The Autocar® began publishing the results of
deceleration tests as part of their road test report on vehicles.
This latter point scemed to offer & very cheap facility for
obtalning the full drag characteristics of a large rumber of
vehicles. Such data would be invaluable in future vehicle
performance work,

The main barrier seemed to be the large emount of work
involved in the reducticn of the data., Accordingly, ;a spacial
study vas mode of this point and a data reduction procedure designed.
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SECTION D3

ecaleration test dat otio
Experizental points plotted on a graph must contain some
element of scaiter. Any data reduction method tharci;oro, s‘hould
include some smoothing process. The obvious method of approach
18, starting from the accepted drag formula
D3.1

Fd = W(Ad 4 B4.V) + K.A.V.2,
to work back and so obtain the mathematical expreasion
v = V(%)

D3.2

which governs the results of ths deceleration test., In fitting
equation D3.2 to the experimental points, the three urknown drag
coofficients Ad, Bd and K nay be found.

The full deriviation of the function in equation D3.2,
vhich includes the possibllity of a wind speed, is given in
Appendix D,1 and showa that equation D3.2 may take any ons of
three forms,.

Given that V = Vo when ¢t = 0 and zerp wind speed, if

Haid S (4.50)°
L2 7 At

the function in equation D3.2 ig

Vv mile/h = f. F(Vo-hn) ~ Tan (o, f. t)
( i ) . -

1+ (VO"' n) Tan (ﬂ. f. t)
L (1)

D3.3

“f:O{. VO:V|

70 m=wf
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where
1 Hadd (Habd)? ¥
= - T b D3.4
AT (4.(R8)%)
o - 15’K.At ! wemisnnnne D365
22.::3
and n = ‘W,Bd S —ac— 0306
2.K.4,
If W.Ad 2
~— =z {H.Bd » an unlikely event
K.A. 2.K.A 2
V mile/h = 1 -n e D347
(Vo+ n)
2
If however, (H.Bd) W.4d
2.K.A)z K.A
V mtle/b. = f. [ Tamh (m.f.t), (Vo + n)
-n D3.8

1 + i!ﬂf*_ﬂ; Tanh (mofot)

It 15 evident, therefore, that certain difficulties exist
with the obvious method of approach, The first is that the drag
- coefficients theuselves are invdlved in the destermination of which

of the three expressions is applicable, This could be overcome
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by trying to evaluate the drag coefficients using all three
expressions and then by selecting the appropriate get, A
"long-winded" proceduro in itself,

The sescond difficulty i4s in fitting experimental.resulte to
- such complex axpressions by the msthod of "least squares® or any
other method, Equation D3,7 1s lincar, and so may bo accomodated
quite easlly, but its application is unlikely, Appendix i)2
shows that equation D3.8 may be linearised and so rendered by
mathematical tz"ae;.jb:ﬁenh, However, thera ic no simple solution
to the trestment of eﬁuation-DBJ. It is not possible to
linearise a tangent function. FRumerical methods would have
to be employed.

Certain simplifications may be made. by cetting Bd = O and
Ad = 0,013 for radial ply tyres and Ad = 0,018 for cross ply
tyres (seo Pert B, section 3). The.only unknown then is the
aerodynamic diag factor K. However, a great deal of the attraction
of the deceleration method io lost because it is capable of
giving the rolling resistance which, as is emphasized above,
nay not be oxpressed bty a constent term only. Even with thde
shortecut, the actual computation time 1m;olwld using a digital
E:omputar is likely to be greater than the timé taken peasuring
slopes and doing the calculations by hand. Such a situation
would be ridiculous.
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It was decided, therafore, to drop the idea of fitting
the correct lav to the experimental points in favour of a
technique which uses a metbod of finding tho slope at any point
on the vehicle gpeed against time graph and then proceeding as
ons would with calculations hy hand. Such a method is easy to
program for reduction using a digital computer and is likely to
be at leasst as accurate as hand calculations, particularly if
the hand calculations involve meaguring slopes of graphs. It
is possible then to check the accuracy of the drag coefficients
by ovaluating the eppropriate expression {eque D3.3, D3.7 or
D3.8) and comparing the answer with the original plot of vehicle
speed against time.
fo find the slope of the vehicle speed against time curve at
any of the points shown in Fig. D2.1, two methods were considered.
The first takes the point under consideration and the two adjacent
pointsy see Fig. D3.1, and constructs a quadratic through the
threes points. The quadratic is then differentiated to obtain the
slope and hence the deccleration.
Considering point (V,, t,) in Fige D3.1 and the two adjacent
potnts (Vyg tp.y) apd(¥n41, ta+1)s @ Line through the
three points mst be satisfied by ‘
Vol = 8+ be tpy+0 (t.n_l)z
Yy =e+b.tn4-o(tn)2
Vaelz 8+ ba ty,q+0 (ty,1)°

D3.9

Tl Nt Nt Nt Nnss? S St
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Solving these threeo simultansous equations gives -

2
b = ti_l.(vn*l - vn) '.'t%. (vn_l - vn-o—],)"' t’n-!'l‘ (vn - vn-l) D3.10

t’i—lo (f'ml - t’n’* t'g' “(t‘n-l - tn«o—l)" t§+10 (trn - t‘n-l)

and

o=t (vn - n+1)+ tn'(vnﬂ.: - v1:1;-].)"* tna1. (Vo = W) D3.11

2 2
t"n-l. (tnv-l “ t'11)*'tn-f“"n--1 - 1"n'»].) + tg«-]..(tn - tph)

hence tho wvehicle acceleration at speed V, 18

oz B (b+2.0.8,) £t/s° D3,12

In order to test this method, tho slopas at each point in
Fige D2, was moasured by draving a tangent at evory point to a
smooth curve drawn through the points. Theose figures are compared
with those calcnlated above in ;rable D3.1. The disorepancy & |
quite small, largsly because the data had been smoothed first by
drawving the graph. Using raw test results, considerable errors
were produced by this method., Table D3.1 shows the calculated
acceleration at 10.0 seconds to be higher t.han that at 7.5 seconds,
an impossible situation. This sort of deviation from the true
increases vary rapldly with the degree of scatter on the results.
The method could be 'made viable hy very carefully smoothing out
all results first, a tedious procedure which introduces the
possibilities of errors in the data. Any point described with
the wrong ordinate, an easy mistake when reading graphs and
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punching cards, produces a very large error _1n the calculation
of the slope at the poit;t and et the two edjacent points.

Accordingly, the method was discarded, '
| The second method employs a technique used elsevhere in
this vehicle performance work, that of fitting a polyromial to
the raw vehicle spesed against time results, This mears that any '
point recorded wrongly will bave little effect on the overall
result, a useful feature when handling test results, Also, a
polynomial is easy to handle mathematically and can be used to
gensrate new points if necessary. it. can be differentiated
readily to give the vehicle deceleration at any speed, By using
the.mothod of Yleast squares® to fit the polypomial, the calculated
vehicle acceleration at any vehicle epeed is likelj to be mich
more accurate than by measuring the slope ‘of the graph, because
the method of "least squares® pute the "best® line through the
experimental. points,

_ It is necessary, therofore, to fix the order of polynomial
required to obtain reasonable eccuracy. Table D3.2 lsts the
result of a polynomial ciurve fit to the data comtained in Fig.
D2,1. Program BO79, listed in Appendix Bl, was used for this
vork, FPolynomials of order mumber 4, 5 and 6 appear adequate.

The accuracy is within the accuraoy of the data used, Note the

error recorded at time t = 10 secondé. The quadratic interpolation
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resulte in Table D3.1 suggest that this point is in error. Table
D3.2 con?irma this,

The accuracy of a seventh order polynmomial is appreciably
better in this case, but thare is a real danger in using a high
order because it would etrive to accomodate scattered points.
Since the purpose is to obtain the elope of the vohicle speed
dgainst time graph, this is not dosirable. It was felt, there-
fore, that a sixth order polybomial should be adequate for the
vast majority of test results. However, it was decided also to
reserve the provision of usging a polynomial of a different order
number if fourd to be desirable.
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SECTIOR D4

Degeleration teat data handling

The procedure therefore, for reducing the data fron a

daceleration test is

1)

2)

3)

4)

5)
6)

fit a polyromial to V against ¢

results
hence determino the vehicle deceleration versus spsed
characterlstioc, ‘
uaing Hewton's 2nd lav and the equivalent mass of the
votﬁcle, cbtein vehiocle drag force Fd = Pd (V).
obtaln the drag coefficients Ad eand K assuming that there
is no term proportional to velocity (4.e. Bd = 0), also
assume Bd % 0 and find Ad, Bd and K, .
check that accuracy of the results of both 4) and 5) above
by feeding the drag coefficients obtained back into the
appropriate V = V(t) -'expres{sioh, that is either equation
4.D.1.9, A.D.1.18 or A.D.1.22 in Appendix D.l. The re=
calculated velocities (V) may then be comparsd with the
deceleration test resulta.

By edopting this procedure, the accuracy of the V z V(t)

polynomial curve f£it may be checked, the test results nay be

checked against the two usual forms of the drag force eoxpression

and £inally, an overall check on both the deceleration test itself

and the reduction of ite results by substituting back into the

e
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sexpression governing the original data. The check on the
deceleration test itself is a very useful feature since it
throws light upon the standard of accuracy required in a
deceleration test, The examplea given below illustrate thia
poidnt.

The listing of the digital computer program designed to
reduce the drag coefficients of a vehicle from the results of
a deceleration test is given in Appendix D3. The form of the
output from this pi-égrem is shown in Table D.4.1, After the
heading data there follows the input data for reference
parposes. This is followed by the resulte of the sixth order
polynomial curve fit to the results of the deceleration test.
The next set of figures is the fitting of a second ord;r
polynomisl to the drag force against speed figures ib order to
obtain Ad, Bd arnd K (or, in the example shown, Ad, Bd and A.K),
Then follows a get of figures fitting a firet order polynomial
to the drag force and the square of the relative air speed data.
The final seot of figures headed "check on accuracy of results®
gives the originzl read-in t.in‘e and vehicle opeed figures in
columns one and two., Columns three and four are the calculated
speed figures (see appendix Dl) with BddrO and Bd = O respectively.
These latter columns should be compared with columns two in

order to estimate the accuracy of the overall reduction of the
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results and of the conduction of the deceleration test itself,

The data used in Table D).l is that depicted by the V against
t graph irc Fig. D2,1, wvhich was taken from “The Autocar® (31).

The graph published Ly “The Autocar® is such that it 1s difficult
to be too precise about the value of each ordinate. Also
published is tho information that conditions on the day of the
test wers tblustery” with e wvind speed of 15 = 20 mile/h. Such
conditions are not conducive to good results from a deceleration
tesat,. _

Theze points are borne out in Table D4.1. The fit of the
eixth order polynomial is good but those of the two sets of drag
figures show some error, particularly at the low vehicle speed of
20 mile/h. Also, tho rolling resistance coefficient of Ad :-6.016119
1s rather higher than one would expect from radial ply tyres.

Accordirgly, it was decided to investigate the accuracy of
the deceleration test and the reduction of its results further in

Section D5,



SEGTION Dg

Accuracy of the decelsration test
It is shown in Section 4 that the reduction of the HORDA

S800 deceleration test data publiched in "Autocar® (31) high-
highted some inaccuraclies. Soms of these inaccuracies um]oubtédly
arose when reading points off the small, thick-lined graph given
in "Autocar®, It was decided, thesrefore, to obtain the sctual
test data from "Aut.ocar_".' The Author is indebted to Mr. Geoffrey
P. Howard, Assistant Techmicsl Editor of "Autocar® for the
information contained in Table D.§.l. (37).

The figures in Table D.5.1 show the results of two testa‘, ons
in sach direction. The wind speed is quoted at 10 to 15 mile/h.
at an angle of spproximstely 30° to the test track. Table D.5.1
does rot contain sufficient pointa in order to fit a sixth order
polynomial. Accordingly, the information coptaired is plotted as
Fig. D.5.1. This graph shows that the figurss given ss 44.4 and

47.8 in Tebls D,5.1 mist be mis~prints and should read 24.4 and 37.8

respectively.

A comparisgon betwesn Pigse. D.5.1 and D.2.1 reveals the
published deceleration curve for the HONDA S800 es a line approxiw
rately mid-way between the two lines shown in Fig. D.5.1, This
cannot be an accurate procedure, the wind speed is high and is not
known precisely., Also a wind direction of 30° approximately to the

track must mean a considerable ys=w drag componsnt.
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Taking the wind speed as 12.5.mile/h. and - 12,5 oile/h.
at 30° to the head-on direction and submitting the data shown
in Fig. D.5.1 to program BO32 resulted in Tables De5.2 and D.5.3

These tables wher: compared with Table D.4.1, show a little
improveme:rb in the accuracy of the reduction. Bat with only five
or six points given on the deceleration curves and such a high
wind speed at such a high angle to the direction of the vehicle,
no credance can be placed upon the drag coefficients given.

The instrumentation, designed within the Department of
| Transport Technology, Loughborough University of Technology,
specifically for wvehicle performance -work was not built during
the writing of this thesis, nor was it considered likely to be in
s reasonable state of development for‘ this current progrsm of work.
Accordingly, an approach was made to The Motor Indﬁstry Research
Agsocilation for the results of a deceleration test carried out
with care and using reagonsble instrumentation,

Now #.G.S. White of M.I.R.A, had completed a series of testa
on a large mimber of vehicles. This series included both wind
tunnel and deceleration tests and very good agreement wves found
betveen the two. The data given in Table D.5.4 relates to the
M.I.R.A. deceleration test on the SIMGA 1000 ard the Author is
indebted to Mr. White and M.I.R.A. for this information,

Table D.5.4 quotes the vehicle speed at 2 sscond intervals

for two runs. The results for the first run given are for a
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high speed to a mediun speeds The second.eet given.relates .
to the medium to slow speed range, Some phasing therofore is
neceasary -to obtain a single graph. This phasing 1s-best done.
by plotting a graph, see Fig. D.5.2. The "join® 1s between 15
and 18 seconda.

Other information given by lr,. White includes the vehicle
- welght, projected frontal area, embient conditions on the day of
the test and the measured eerodynamic drag coefficient of the
SIMCA 1000 in the full scale wind tunnsl of 0.408.

Using the M.I.R.4. data irn conjunction with program BO32
results in Table D.5.5. This glves Cp = 0.4052, which agrees
very closely with the wind tunnel results. The rolling resistance
from the decclaration test of Ad = 0,029 seemed a little high
for cross ply tyres until, checking back with M.I.R.A., it wae
learned that the deceleration test was conducted on the one-mile
straight which has a elight gradient.. The results given refer to
the test in the up~hill direction, hence the rolling resistance
figure quoted.includes this slight gradient. The rolling
resistance coefficlent obtained by M.I.R-A. was 44 = 0,02055.

The column of error figures. for the sixih order polynomial
curve .fit to the test data ahoué very little error in the fit
except perhaps at 15.2 and 17.2 seconds. That is at the fjoin"
referred to above., The indication here ia that the Yjolh" could

ba batter..
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The aerodynarmic drag coefficient given in Table D.5.5 for
the condition when Bd!(. 0 {8 not really relevant, eince the Bd
coefficient includes both serodynamic and rolling resistance
effec‘ta; The comparison with wind tunnel work must be made with
the Bd = O results.

The YCheck on Accuracy of Results" figures shows the test
itself and the reduction of the results to bo accurate and that
the draé coefficlents may be quoted with confidence. Once ezain
however, the “join" between the two sets of resulte is shown up.
This feature of the program is important. A4ny errors in the
initial handling of the data become apparent in the reduction
using the program. Had this data been reduced by hand, the
gmall error in the join of these two curves would pot have been
noticeds Congequently, the resulting drag coeffioients could not

7 have been quoted with the same confidence.

Table D.5.5 would suggest that the drag expression involving
three non-zero coefficienta, that 1s Ad, Bd ard K, is more
accurate than the drag expresslon using Ad and X only. This
means that the drag of a vehicle is not composged only of a
constant rolling resistance term and an aerodynamic drag term
proportional to V%, The situation is more complex. 4s vehicle
performance calculations become more exact, account wili have to
be taken of not only the V term, tut the V3, V9, V7 ete. torms

also, since thege terms urdoubtedly exiot.



The deceleration test therefore, is capable of ylelding the
total drag of a vehicle and not just one particular coefficient.
The total drag that is, except for the component of the tyre
rolling resistance due to the torque level transmitted through
the vheels, This component may be supplied by the tyre mamfacturer
cnd added in separately.
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RECTIOR D6,

Concl enarks on t easurensnt_of dra

A smal) acale wind tunnel can be useful in sstablishing the
aerodynanric drag coefficlent of a vehicle. The main difficulty is
the correct simulation of vshicle shape, particularly the cooling
system and the underside of the vehicle. An accurate model of a
vehicle however may cost as much as the acquisition of the
production vehicle itself. Such o facility therefore, may be used
to good ndvantage. in prototype work.

The full scale wind tunnsl at the Motor Industry Research
Aseocletion will afford an accurate indication of the aerodynamic
drag coefficient of a vehicle., Uhen dealing with the vehicle
itself, rather than a model, the ilt-in chassis dynamometer 1s-
an added attraction. The main disadvantages are the cost of hiring
this facility and the szall error due to the lack of a moving
ground plang,

The tyre characteristics, and hence the rolling resistance of
the vehicle, are avalloble fram the tyre mamfacturers ard may be
expressed as e function of inflation pressure, tyre temperature,
torques tronsmitted, ctc.

If the above facilities are not available, or if their cost
is prohibitivo, the simple deceloration test is capable of affording
the full drag characteristics of the vehicle, That io both the
aerbdynamic drag and the rolling resistance of the tyres. In

connection with the latter, it is not neceasary to assume thie
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to be a copstant term, the deceleration test is capable of
éiving the full tyre resistance, leas that due to the torque
level in the tyre. Again, this torque level component can be
supplied by thoe tyre mamifacturcr and added on separately.

The main dissdvanteges in using the deceleraticn test are
climatic conditions on the day of the test, particulerly wind
gpeed, and the large amount of work involved in extracting the
drag coefficiente from the test data. Both these points are
angwered to a very' large extent by the uso of tho digitel computer
program B032. It is not necessary to handle.the vehicle speed
against time data at all from the deceleration test oxcept to
punch it onto cards. Program BOJ2 caters for a small wind speed
on the day of the teat provided thnt it is measured during the
test and 1s at a small angle only to the direction of tha vehicle,

This oxtends considerably the mumber of days during the year
suitable for conducting a deceleratien test.

The positive attractions in using B032 are that a check is
madé automatically of the accuracy of the reduction and of the
test iteelf, and that two sets of drag coefficients are given

dopendent upon upen whether Bd is considered non-zero or zero.
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The interaction of the tyre pressure and texmperature on rolling
resistapce is to a large extent, accomcdated in the deccleration
test. Thin is mot the case with the rolling resistance obtained
from separate tyre rig tests.

The deceleration test, together with the data reduction prodedure
developed in Part D, may be used to apseas vehicle speed instrumentation,
since the rosulting drag coefficients form the basie of an assessnent
of accuracy ard rspestability.

The 1ittle application of the technique conducted to date suggests
that accurucy of tha_ drag expression could be improved by the cone-
sideration of other, highar order, terns in the polynonial.
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PARY E

Fuel Consunption
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Iptroduction
There are a mnber of approaches to the estimation of the fuel

consumption of a proposed design of motor vehicle. The first, used
by Pourquet (62}, is to calcilate the fuel consumption of a vehicle.
during a full throttle acceleration run. There appears to be little
merit in this exercise however, other than in the investigation of
fuel consumption during vehicle acceleration. The results obtained
have little meanming during normal vehicle usage since, if a drivepr
selects full power from the engine, he is saying that he requires a
high wvehicle acceleration and that fuel consumption is secondary. If
he requires a low fuel consumption, the technique he mst follow is to
maintain a steady, low, vehicle speed. In fairness to Fourquet, it
should be stated that his paper (62) is devoted lairgely to the technique
of using an anslogue computer in vehicle performance calculétions.
He does 1little with tho results he obtains,

The second approach is to describe a typiczl route or journey
(79) (75) and to estimate the fuel consumed, From this the expected
average fuel consumption in miles per galon of the projected vehicle
design may be obtained, It is understandable that this technique should
be of interest to a vehicle mamifacturer, His interest, during the
development phase of & new wvehicle, must centre on the fuel consumption

which will be returned by the customer. Hence the typical teat route



apd the basing of design calculations on thie test route. Cornsll
(57) has pointed out however, that routes are chaniing. Road
vehlicles are apending more time on motorways (fresuays), This

leads to longer trips, higher speeds ard nearer steady state driving.
1t is difficult therefore, to descride a test route which represcats
fairly the journey behaviour of a typical driver., Further, as has
been pointed out by Forster (48), the fuel consumption of a vehicle
is affected greatly by the manner in which it is driven. Scheffler
and Niepoth (56) have shown that the "warming-up" period in the
operation of a vehicle hg_g a devastitding effect on fuel consumption,

The third, and more fundamental, approach should be adopted,
That of catimating the fuel consumption of a vehicle when running
at o steady spesed. This then ensbles a more fundamental etudy to be
made of the effects of epgine type and sise, gearing, drag etc. The
effects of transients, such as an acceleration to overtake another
vehicle, the warming up period etc., may be added onto the resulte
of a steady-gtate study later. Always assuming that the effects of
these transients are known accurately,

So many factors can affect the fuel consumed during a transient.
Factors cuchk us carburetter design on a petrol engine, design of
manifold, temperature of manifold etc. The current interest in
exhaust pollution has highlighted this point and efforts have becn
nade to reduce the fuel consumed during an acceleration by better

carburation.
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A steady-state match study therefore between the engine and
the vehicle gshould be the aim. This may be verified by a;curately
conducted steady state road tests on the vehicle. thrt:har, a full
parametric study is possible for the Uesigner to enabie hn to
obtain the begt design possible. Lastly, steady-state knowledge
of fuel consumption sets a convenient norm which can be used to
asgess the wany and varied transient condit.:l.ons.j

A mmber of techniques are avajlable for the measurement of
fuel consumption during a roed test. For strictly stea;iy-state
measurements, the "petrometa® mamifactured 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 (say 1/250 pint) of fuel is passed. This signal is used
to operate a counter in the vehicle. There are more sophisticated
versions of this techmlque almed at coping with the fuel consu]nad

during acceleration runs, Such devices rely on a very small measured

quantity of fuel per electrlcal signal in order to reduce the error
of weasurement. 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 1gnit."mn

engipe makes the measurement of the :brue instantanecus flou rate of
fuel difficult.

Part E of this thesis therefore describes how a match study
gshould be conducted, the effecta of a poor match, a fundamental study

2
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of the different engine types particularly pstrol and compression
ignition (66) the effect of cngine size and fimally, the result of
a paramstrio study.



SECTION B 2

e esn_engine a e o
The usuel way of studying the match between two connected
componente is to combine the characteristics of both into one graph,.

A match study botweon an engine and a vehicle is no exception. The
characteristics of the vehicls are made up from the drag data and the
gear ratios. The engine characteristics mist give data on cutput in
conjunction with efficiency date throughout the engine speed range
from low load to full load.

There ;xre two parameters in use to agssess engine efficlency.
These are the brake thermal efficiency and tt}e brake specific fuel
consumption (rigourous definitions are given by the Author elsewhere
(1) )« Of tho two, the brake specific fuel consumption, or s.f.c.,
is proferable since it re;ates the fuel consumed and the power output
directly without involving the calorific value of the fuel or other
constants., The most fundamental output parameoter of an engine is its
torque or brake mean effective pressure. Fower output 1s secondary
since it is the product of torque and engine speed. However, the use
of engine power as the output parameter is preferred to the use of
torque or brake mean effective pressure since, on matching en engine
to a vehicle, the power throughout the transmission system stays
substantially constant, factored only by the transmission efficiency.
The torque however is affected by gear ratios. Also, the thermsl

efficiency, vhether expressed as brake thermal efficiency or brake
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specific fucl consumption, is expressed in terns of the engine power
output.

The engine characteristics, comprising power, opeed, efficicncy
data throughout the load range may be arranged in a muwmber of ways.

4 plot of s.f.c. against power for differcnt ongipre spoeds has bgen
used (65) (29). Fig. E2.1 shows such a plot for the Cundins IH=250
comprescion ignition engine taken from Joyner (65). This plot favours
a close, fundamcntal, study of tho engins only since it is made up
from, and rolated closely to, the engino consumption loops (see Section
E ond Ref, (1) ). Hence the influencs of the intake pystem may be
peen with clarity. A better form of expressing the enginme charccteristics
for matching purposes is shown in Fig, E2.2. This is a plot of engine
brake horsepower, corrected for anblent corditions, against engine
speeq for differenp load settings. Superimposed onto this plot are
lines of constant broke specific fuel consunmption.

The abscissa i1s tho usual engzine porformance independent variable,
speed, and the ordinate axls the powor output. Those two quantities
are rolated directly to the power absorbed varsus vehicle speoed
charactoristio of tho vehicle,

Fig. 2,2 1o composed by combining two aepar'ate ongine
characteristica. Tho first is a plot of the power versu,ls speed linss
for conatant throttle opening and tho second consists of a plot of
8.f.¢ce and engine spoed for the same constant throttle anzles. These
plots are shovn ag Figs. E.2.3 and E2,4 respectively, Tho procedure
for combining these tuo ploﬁs is to draw a horizontal 1lime on Fig. E.2.4
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representing a constant s.f.0. of, say 0.80 i1b/(bhp h). Read off
the corresponding engine speeds and throttle angles and to cross
plot these data onto Fig. E2,3.. Repeat for other .lines of constant
s.f.c. and so form Pig. E2'.2.
It should be mentioned here that the use of throttle angle is
pot the best parameter to represent load. It is shown balow that,
for e potrol engirs, inlet manifold depression is-to be prefered.
The point is of little importanbte in discussing the techmique of
conducting a match, particularly since linss of constant inlet manifold
depression are best obtainsd by holding the throttle angle constont
and meaguring the depression and then orosa—piotting the results to
obtain the lines of constant manifold depression. The technique of
expressing the match is not altered in character by omlitting this etep.
The vehicle 18 desoribed by a plot of the power required at the
road wvheels to propel the vehicle at cornstant apeed egainst vehicle
speed, The power required is obtained from )

S——— Eztl

required horsepower = FixVx %

550
vhere V represents wehicle speed mile/h.

The vehicle drag force being described in Section B3 of thie
thesis.
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Table BE2.1 shows how the vehicle characteristic is foctored

by the transmission efficlency (see Section B4) and the overall

gear ratio to relate to conditiops at the englne flywheel, Hence

Fig. E2.,5 may be formed, being a combination of the full engine
characteristics, both power and thermal efficlency, and the vechicle
characteristics. Fig. E2.,5 therefore describes fully the steady state
operation of the engins and vehicle combination.

A study of Fig. B2.5 shown immediately the degree of undergearing,
as defined in Séction Bl0. If the load lins crosses the full throttle
engine power curve at the maximum brake horsepower speed of the engine
tho degree of undergearing is sald to be unity.

The vertical distance between points A and B on Fig. B2.,5
represents the power available for acceleration. This shows that
undergearing increases considerably the power available for acceleration
for a partlicular gear mumber.

_ The load line in relation to the lines of constant s.f.c. lines
shows the efficlency of the comblnation., Fig. E2,5 represents a match
study of vehicle A (the 7 cwt. van) and the load line corresponds to
al a vehicle weight of 2128 1bf running on a level .road with gero wind
speed. .

Table E2.2 traces out the intermediate calculations from Fig. k2.5
in order to obtain the steady state fuel consumption (mile/gallon)
against vehicle speed shown in Fig. E2,6. The intermediste calculations
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require the specific gravity (or density) of the fuel during the
engine teat, The fuel was petrol of specific gravity 0.7/0. It

is perhaps worth mentioning hare that had the s.f.c. been expressed
as yolug;e flow rate per b.h.pey, instead of mass flow rate per b.h.p.
it would not be necessary to use the specific gravity figure,

Fig. E2,6 suggests that there is a maximm economy operating
point at a lov vehicle speed when running in top gears The trend of
the curve (the full line in Fig. E2.,6) shows the fuel consumption to
increase markedly with vet}:lcle speed.

Superimposed onto Fig., 42,6 (the dotted line) is the measured
fuel consuaption of ;rehicle A as reported by "The Autocar® (11) when
tasting the Estate version of Vehicle A of the same weight of 2128 1bf.
4s mentioned previoualy, theose vehicles eare of ldemticsl specitication
excopt for the abzipe of the rear end,

The difference highlighte the main weakness in a mateh study.

In order to defind the shape of a constant specific fuel consumption
line vith reasonable accuracy, a large mumber of engine test readings
mst be taken. Also, in crose plotting the s.f.c, figures, some
extrapolation is necessary. Such errors however, are usually small
geale apd the resulting scatter may be ironed out vhen plotting the
fuel consumption cirve Fig. Ez,6. Not all the difference between tho
measured and calculated curves in Fig. £2.6 may be attriluted to

errors in the constant specific fuel consumption contours.
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The data for Pigs. B2,2, E2.3 and 52,4 vere obtained by the
Author from an' jdentical engire to the engine in Vehicle A, The
engine wes in full vchicle trim with the exception of t.llle e:.rhanst
eystem and a very large mmber of readings were t;a.ken. The rest‘zlta
were reducsd uging a digitel computer program in order to el:lminaﬁe
arithmeft.igal errors and were corrected for embient cond:l.t.ion; to
29,53" Hg pressure and 60°F temperature, !

In view of the errors possible in defining the specific fuel
consumption contours, it was denided_‘ that the match atudy should
always be conducted by "hant}“. ‘In principle, it sbould be possible
to devise a computer program to accept the raw engine test results and
to produce the full engine characteristics, Such a program would have
to conduct a large mmbor of curve fits and nay be thrown very rmch |
off course by a single faloe reading. or a nis-punched data card., It was
folt that processing by hand would be mmch more acourate.

Seotion B5 shows the effect on fuel consumption of changing to
another gear minber. If hovever, an infinitely variable ratio
transniesion were available and viable, say of the hydrostatic type,
such that englns speod is completely independent of vehicle speed, then
one would wish to control the engine to run on %the optimunm coptrol line"
shown "dashed” in Fig, &2.5. This gives the minimum fuel consumption
for any particulsr pover demand of the ve}ﬂclo. Should ons wish a high
accsleration, the control could be arranged to run the engine at its

maximum brake horsepower speed so affording the greatest posaible



powver available for acceleration. Many such infinitely variable
trensmission designs have been investigated or are under development
(39), (40), (61), (82), (87), (88), (91), (92). Most suffer from a
poor mechanical efficiency, boise and high imitisl cost. Nevertheless
Pig. E2,5 shouws the incentive for the development of & suitable
design, ‘

The expected gain in fuel economy, assuming a transcdssion
officiency for the ideal transmission to be identical to that of
the mamual gearbox outlined in Section B4, is shown by the %dashed®
1lins in Fig, E2,6, The intermediate caloulations are given in Table
82,2, Fig, E2.6 shows a sigrificant gain in fuel economy at low
speed, Thhe gain diminishes as vehicle spoed is increased since the
pover required approaches the maximum power of the engine,

It is mentioned earlier in this section that the engipe
characteristics of a match study should be expressed as lines of
constant inlet manifold depression for a petrol engine, rather than
as 1lines of constant throttle angle ns in Fig, E2.5. There are two
main reasons for this. The first is that a practical infinitely
variable transmission control would almost certainly employ inlet
manifold depreasion for a gpeed-load parameter. The second reason
is that the ®charge-weight" law (1) suggests a linear relationship
bestween air mass flow rate ioto tho engine and inlet manifold preassure.
Hence the pover output of an engine should have a linear relationship
with inlet manifold pressure (1), This simplifies tho design of the

control syotem conslderably.
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Fig. E2.5 emphasizes that, if a wvide engine apeed range is
required during operation, as exists in vehicles, a full match study
betwean englne and vehicle is desirable in order to study the
effeciercy of the engine — vehicle combination., It is msamingless
to quote such englne perforuance figures as maximm brake horsepower
and minimum specific fuel consumption, The performance of the

conbination is the criterion and only a match study can predict this..
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The engine reports issued by The Motor Industry'neeearch
Association are an abundant source of engins characterigtic data.

M.I.R.A, test ard report upon a largo_ mmber of engires of foreigh
mamfacturef. The engine types are not restricted to petrol and
conpression ignition, Special engines, such as the N.S.U. Wankel
rotary englbe, are tested. Thess engine reports are very detailed
in that tb.ef corntain infornntion on the materlals used for the engins
coﬁponenbs, assembly data, peculiarities and special features.

Algso included in each report is a graph giving tho full, measured
engine characteristica,

Unfortunately, these charactaristics are presented as a graph
of the more fundamental ocutput parameter, torque agalnst engine speed,
with linss of constant s.f.c. rather than e.ng:!.ne power as advocated
in Section E2 and ahogn in Fig. BE2.,2. The test reports on compression
{gnition engines use brake mean effective pressure as the ordinate.
This is directly proportional to torgue outmt.‘and of more interest
to compression ignition engine workers.

Fig. E3.1 depicta a typloal M.I.R.A. engine characteristic for
the Peugeot 404 of engine torque plotted against engine epesd with
1lines of constant specific fuel gonsu.mption. Also shown are lines
of constant throttle anglea? It is by no means apparent just where



the®optimun control line® lims, Fige. E3.,2 shous the same
characteristics with lines of constant power suparimposed and
ths optimum conptrol line sketohed through the points of minimum
ge.feCs on each constant power line,

In oprder to sketch the optimum control line onto the M.I.R,A.
graphs to facilitate analyels, two spproaches are possible,

1) .8ketch lines of constant pressure directly

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

2)  Replot the M.I.R.A. graph with corrected orgine
power as ordinate,
ot tiae two, the second approach ia likely to be of more use
in an engine-vehicle mstch study, but is 1ikely also to imvolve
more labour,
Both apgroaches havo been studied. Approach 1) can be made

very easy by the mamfacturer of the drawing eid shown in Fig. E3.3.

This has been designed to ixeip in the eketching of a hyperbola and
go afford lines of constent power using the expression
Torque = Pover

rotational speed

The instrument has not been mamifactured sincs attention was

focussed on the second approach., It isg felt that it should be possible

to improve this desigh considerably in order to provide a captive
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pencil which eketches cut the curve on moving another suitable
control, rather than having to move the control through discrete
distances before marking the graph with s pencil point., A short
analysie of the design of this instrument is given in Appendix El.
In order to reduce the considerable amount of labour iﬁv;al;red
in converting a plot of torque (or bem.e.p)e against sp'oclsd' to power
against speed, it was decided to use the graph plotter facility of
the Loughborough I.C.L. 1905 digital computer. Program B184,
listed in Appendix E2, was mrepared to this ond., This program is
fed first with a mumber of torque (or b.m.e.p.) and spsed points
along the full throttle (or rack) lins and then with torque-gpeed
points around the econstant s.f.cs lines, The program converts the
torque (or b.m.e.p.) figures to power figures and re-plots each
curve, Bach curve produced by the graph plotter is mmbered con-
secutively and so may be identified by the lino printer print-cut.
An example of a portion of this print-cut is glven 4n Table E3.1
 for the Peugeot 404. This gives the power-spsed figures used by the
graph plotter and the specific fuel consumption figure for the curve
or the information that the curve is the full throttle lins (curve 1),
Appendix E3 contains a mumbsr of converted engine characterictics,
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ECTION

Zype of Enzina

1) Patrol and compression ignition
A gtudy of the characteristics given in Appendix E3 reveals

e fundamental differonce bstween the curves of a pctrol engine compared
with those of a compression ignition engine, The optimum control
line of the petrol engins lies very much closer to the full throttle
line and the s.f.c. contours presex;b a steeper face on both sides of
the optirum control lipe,

This reflectn the bosic difference bstween the two engine types,
as explained olsewhere by the Author (1). The petrol englne, in its
present form, must be throttled in order to control the load. Fig.
E4s1 shows the typical consumption loop of a petrol enzine in which
the engine is run at a constant gpeed and the mixtures strenzth varied
from very rich (poimt A) to very weak (point B). At point B the
mixtura ptrength is such that the maxisum power or torque cutput is
obtained, whereas at D the minimm fuel coensumption ia returned,

Foint, C in between represcnts stoichiometric coniitions. At point B
the mixture strength 1a so weak, and the flage speecd so low that

a flame is in evidence throughout the power stroke and the ensushg:
exhauat stroke. On opening the inlet valve for the irnduction stroke,
the new charge is lit by the flame and tho churacteristic "spitting

back! into the carburctter is experienced.
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It should be noted however, that the power returned at point
E is still some 85% of the maxirum possible. Hence it is impossible
t0 control the conventionsl petrol engine by amixture quality as with
the comprescion ignition engine, As the fuel intake 1s reduced to
cater for a low load, the air flow rate must bs reduced also to
maintein a near stoichiometric, and hence a near constant fuel/air
ratio, The air inteke therefore, must be throttled,

1t has been shown by the Author (1) t‘hat throttling the intake
t0 an engine results in a high loss to the coolant at low load. The
temperature of the charge around the engine cycle remains of
substantielly the same form and magnitude, irrespective of load,
This is a result of the near stoichiometric fuel/eir ratio. Hence
the heat flow rate to coolant is substantially constant end, st low
load, represents a high proportion of the energy intake to the engine,.
The s.f.ce of the petrol cngins, therefore, rises rapidly as load is
removed.

Fig. E4e2 shows a series of consumption loopa throughout the
load range of a petrol engine, all at the same constant speede 4
carburetter is usually designed to follow as closely as possible the
minima in the curveas in order to produce the lowest part load s.f.c.
and to yrichen at full throttle in order to give the maximmn torque
output. The "dashed? line of Fig. K42,



The poor part load efficiency can be reflected in the petrol
engine characteristice shown in Fig. 32.2 ty the s.f.c. values along
a vertical lipe representing a constant engine speed. Startlicy from
the full throttle lime, the s.f.c. values rapidly pass through a
eirdmun (optimm control 1ine) and then rise as the load is removed.
This ia the condition shown by the Y"dashed" line in Flg, £i.2.

The air intake of a compression ignition engino is not throttled
(in general) and the load of the engine is controlled by fuel/air
ratio. At light load, therefore, the mixture strength is weak and
the cycle temperature pattern shows lower temperatures. The energy
loss to coolant therefore, is considerably less than that for the
petrol engine at light loads. The dotted line 4n Fig. E4.2 shouws
the measured consumption loop of a compression ignition engine. For
the purposes of comparison, both the petrol and the compression
ignition engine were run at their respective maxicum tcrque speeds.

The consumption leop of the compression ignition engine is
appreciably lower at full load, refleocting the higher compression
ratio of the compression ignition engine (1631, es opposed to the
very low value of 4.7:1 for the petrol engine)., Howevar, the efficiency
of the compression ignition engine mtays high as load is removed.

Agein, this can be seen in any of the compression igmition
engime characteristice in Appendix E3 by drawving in a vertical line
representing a constant engine speed., The s.f.c. values change
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1ittle along the line and ths mintmmz (optisum control line) ds
scms way from the full rack line. ’

The optimun control line of the compression ignition enzins
therefore, is mich nearer the load 1ine than 1s the case with the
petrol enzine, A4lso, the part load thermal efficiency of the
compression ignition engine ig appreciably higher. Vehiclas .
gencrally spsnd the majordity of their working lives running at
part load. Hence the ectublishnent of the compression igaition
angine in the commercial vebicle field. The use of this engine
would be very much wider if othor problems, such as nolss, smell,
woight, initial cost could be overcoms (66).

An obvious conclusion to draw from this study is that encourage-
nent should be given to research and developaent of the "strat:l/fied

charge®? engine. This is a petrol enzino in which the load ia
controlled by mixtura quality, as in the compreaaion ignition
engine, The charge in the combustion chamber is arranged to be

heterogeneous, baing rich in fuel in that part of the chamber where
conbustion 1s inltiated and weak elsevhere. This conclusion mist de

endorsed elso from clonaiderations of exhsugt poilution. {0
straticfic® charge ongine is of conaiderable bonefit in reducing |
the noxicus components in an engzine exhaust (99).

Another fruitful lire of study miet be into the control of
hydrostatic transsissions (91), (92) apd their development.
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2) he ne

The rotary engine is epitormiged by the N.S.U, Wankel engine,
The characteristics of the K.S5.U. KEM 502 engine, as fitted in the

B.8.U. 9Spider® sports car, are shown as Fig. A.B.3.4 ip Appendix
BE3. Superimposed onto Fig. 4.E.3.4 15 the normal load line of the
Spider taken from Fig. 7 of a paper by Dr. ING. W Frode (100).
Fig. A.E.3.4 shows the Spider to be of neutral gearing (degroe of
undergearing = 1).

The overall top gear ratio of the Spider is 16.0 mile/h per
1000 rev/min engine speed (103) wiving a maximum vehicle speed
calculated from Fig. A.E.3.4 of 92.7 mile/h. This agrees well with
the 92 mile/h. measured by Autocar (103).

Fig. E4.3 shows the fuel consumption of the Spider, as
measured by sutocar (103), in conjunction with the calculated fuel
congunmption using Fig. A.BE.3.,4. The specific gravity of the petrol
vas assumed to be 0.740. Again, the agreement is very good, engend-
ering confidence in the match plot.

The fuel consumption of the Spider is not good for a small
sports car. Fige A+E.3,4 shows the charscteristics of the N.S.U.

Wankel engine to be very similar to those of a petrol angine. This
15 be be exposted, sincs the intaks of the rotery engine is throttled,
Just as on a conventional petrol engine, If anything, the optimm
cont.;-ol line of the KEM 502 1s even nearer the full throttle power
1ine than most petrol engines. Also, the genersl level of the specific
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fuel consumption figures is slightly higher. In conclusion,
therofore, it may be said that the engine characteristics of
the N.S.U. Wankel are those of a slightly inferior petrol engine.



3)  Ibe Ges Turbine

Some difficulty was experienced in obtal pdng the characteristics
of a gas turbins engine umtil "The AutomobileEngineer® (101)
published an article on the Leyland 25/350/R, Fig. Bi.4 18 a copy
of a graph from this article. It is possible to obtain the engine
characteristics in the required form (see Fige E2.2) by noting speed
" apd behe.p. data along a particular fuel flow rate 1ine .oh Fige Ed.le
The specific fuel consumption figures may be obtainsd from these data,
Table E4.l outlines the arithmetioc and the steps teken. Then, plotting
the 8.f.0. figures against engine speed for constant fusl flow rates)
as shﬁuﬁ in Fig. B4.5, facilitates tho cross~plotting to obtain the
required form, Flge E4+6s Shown also on Fig. B4u6 15 the lo:;d 1line
for s typical 38 ton truck (mot the Leyland truck, since the drag
figures wero not available at the time of writing)s

The most strilding feature of Fig. E4{.6 is the close proximity
between the load 1line and the optimum control lins. The two lines
ars coincident for all tut the very low cutput shaft speed range.
This emphasizes the folly in assessing an engine for a particular
duty by means other than a full match study. A cursory study of
the thermal efficiency along the "full throttle" lins would show
that betwesn full speed and half engine speed the s.f.c¢. i less than
0.500 1b/(bhp h) and that below half engine speed, the thermal
efficiency drops ropidly. BHowever, a full match study shows that,
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for level road rgnpd.ng. the efficiency of the match is quite good
oven down to & vary low output ghaft speed, A characteristic and
redeeming feature of the gas turbine engine is therefore, the
position of the optisum control line, '

The optimm control line of a free power turbine machins nmst
take a path through the maxima of the power CUrves. 1deally, such
an engine is a “constant power® machire, For a constant gas genaz_-at:or
shaﬁ speed, the sir mass flow rate through the engine ip snbstanual}y
constant., It follous therefore, that the power input f.o the ?ree
povwer turbine is constant under such conditions, irrespective of
pover turbine spsed. The output torque therefore, should ideally,
approach infinity ao the speed of the free power turbine is reduced.

4 turbine vith fixed goometry blading lo caP‘able of operating
efficlently over a narrow speed range only. The o‘puumm speed ia
designed to be ghout 80% of the maxitmgn ap'eed poasible of the turbine
in order to obtaln as wide a epeed range as posaib}e at high efficiency.
At lov speed, therefore, {(less than 4 maximum speed) the efricieincy
falls off rapldly to sero at turblne stall,

The pover output curve therefore, :I.ns:bead of returning constant
power output, follows the shape of the efficiency curve. The maximum
in a pover curve, therefore, coincidea with the mathm in the
appropriate efficiency curve,

Fig. E4.4 shous nnes of constant fuel consumpbion, rather than
lines of constarrb gas geperator speeds The original figure &n
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tAutomobdle Engineer® hovever makes it clear that the fuel flow
rate and the speed of the gas generator are geared together since
the fuel flow rate bas a "scheduling control®, A fuel flow rate
of 139 1b/h represents 100§ compressor speed, 117 liv/h represents
95§, Simlarly, the other fucl flow rates hown in Figs. Eded,
E4e5 and E4,6 represent 90%, 80%, 70%, 50% and idle compressor
speeds respectively. | ' i

The torque cutput of the fres power turbins machine therefore,
rises to 2 or 3 times its full speed torque at stall speed vhen
running at the maxlmum allowable gas generator spoed., A desirable
feature in the power unit of a vehicle,

The extent to which the position of the power curve maxima
move towards the lower ocutput speed range ap the gas generator speed
is reduced is related closely to a separate match study of the
components comprising the engine. By paying careful attention to the
characteristics of the englne components and the way they ere matched
together, it 1s possible to moke tho load 1line and the optimum control
1ine coincide. This means therefore, that the englne designer should
have the drag coefficlente and full details of the wvehicle vhen he
designe the engine, Such a component match study must be conducted
anyway in order to ensure that the compressor will not run into surge
during operation. This cannot be left to chance, since the surge
' 14ne on the compressor characterlstics lies close to the locus of

!.
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paxirun isentropic efficiengy of the compressor. Hence, for a

good match, the match line, or the "equilibrium running line® must
be quite close to ths surge line. Appendix E4 cutlines the procedure
for the compopient match in conjunction with the load characteristics.

In conclusion, therefore, vhile bench tests show the gas
turtdne to be inefficient at low output shaft spseds, a full match
study beotween engine and load shows that the true situation 1s rather
better., Further, there is the possiblility of altering the blade
angles etc. of the engine components in order to obtain the best
overall match possible, fMB point is worth pursuing further to
consider the offect of variable turbine inlet gulde vane geonmstry
on the ovarall match, particularly when it is reuwembered that the
output tarque curve of the free power turbins machins 1s excellent
for automotive purposes.

It would appear from this short amalysis that the gas turbins
has a future in the sutomotive field, lilz'art.itm].a.t'll;,sr if a emall design
complication can improve the thermal efficlency. The fact that a
gas turbine is a "mlti-fuel® engine and so can run on a very wide
range of fuels, together with the excellent torque curve, must ensure
its introduction into heavy commercial and, perhaps, military

vehicles..
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4)  1noreasse in enzine power gutpub

An existing engine may be modified in order to increace the
aaxirum power ocutput hy supercherging, turbocharging, tuning of
inlet and/or exhaust systems or by decreasing the inlet pressure
drop by fitting two czrburetters in place of one. It is of interest
therefore, to study the éﬂ‘oct of such modifications upon the match
bat'.weeh tho engine aend the vehicle.

Fig. E4.7 shows the characteristics of the englne fitted to
vehicle A, the gtandard single Solex carburetter however beling
replaced by twin o.u, carburetters. This engine test was conducted
by the Autior in his Engine Laboratory using the same engine from
which Fig. E2.2 vas produced, A comparigon between Fig., E4.7 and
the corresponding single Solex plot, Fig, B2.5, shows an increase in
the maximm ongine efficlency. Presumably, thle is a result of the
better mixing and distribution of the twin s.u. system. Alsc, tho
maximum corrocted power output of the engine has risen from 34 bhp
to 39 bhp as a result of the lowar pressure drop across the inlet
system, The general shape of the two sets of characteristics however,
is very similar.

Supcrinposed onto Fige E4.7 48 the same load lins shown in
Fig. ER.5, that of vehicle A in normal trim. HNo alteration has been
nade to the overall top gear ratic. A comparison of the two match
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studies shows that the Vebicle 4 has near umity degree of undere
gearing with the twin s,u. carburetter engine, vhereas it is gome
wbat overgeared with the standard engims. This §5 a direct result
of the pover increase,

A eignificant difference 1 shown in Fige E4.8, a comparison
of the gteady-state fuel consumption of Vehicle A with the engine
in stapdard trim and with the twin s,u. carburetters fitted, It can
ba geen that Vehicle & is better matched to the twin s,u. carburetter
veroion of its engine than the standard single Solex carburetter
version. The t{wo curves in Fig. EL.8 are both of calculated fuel
consumptions, using the two match studies. It 46 of interest to note
however, thet the %optimum control line® fuel consumption is practically
identical for both forms of the engine. The two curves in Fig. EL.8
emphasice the deairab:lli‘l.;y of conducting a match study between the
engins and the vehiclle.

Another way to increase the power ocutput of an engine is by
turbo~charging. It is expected that legislation will be introduced
soon to increase the maximum allowable gross vebicls weight of a
comnercial vehicle from 32 toms to 38 or 45 tons, This legislation
mey well be sccompanied by a law governing the minimum sllownble
pover/weight of a heavy commercial vehicle, Thip means that more
poverful ongines will be necessary. It is possible to achieve thig
additional power Ly turbo-charging an existing large engline,
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Figse E4.9 and E4.10 are the engine characteristics of a
large automotive compression ignmition engine, nmormally aspirated
and turbo-charged respectively. The material for these figures
vas supplied by A. Rowbottom (104). 4 coxéiparison shous at a
glance that turbo-charging increases the maximin power output
substantially, from 183 to 230 bhp. A more detailed comparison 1s
made d1fficult however, because the power output has inmgreased.

It is not possiblo to drawv conclusions without teking gome account
of the distortion of the power scale due to the turbo-charging,

This problem is general in engino asgessment work. (dles

{61) advocates a "oentre of operation” eriterion for the aspessment
of ths runuing time of a particular transmiesion. This centre of
operation 1s tho intersection of a horizonmtal line on the engine
characteristic plot representing, say, 50f maximum engine power and
the lead line, This idea could be extended to form an asgessment
of the fuel ecconomy of the engine and vshicle.

Macmillan (92) notes that the torque against opeed curves of
an onzine with conatant throttle angle are approximately linpear.
This he uses as a basis for the nmon~dimensional repressntation of
engine pover. His aim was to produce a relatively simple expression
representing the engipe in order that he might analyse a range of
sutomatioc transmission systcus. This too could be extended to form
& non-dimensional engine cheracteristic plot for the purposs of

comparison.
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8girtes (105) has-daveloped a rather ingenious index in
order to assess the overall fuel consunption of an engine. He
notes that a plot of the area cnolosed by a specific fuel consumption
contour is approximately linear with the specific fuel consumption.
The slope of this plot (t.ané) and the intercert (bgy ) on the x-axis

(1.0, the minimin possible s.f.c.) are used to form the index

e E[;.l

vhare Pp,. is tho maximp power of the engine and Hp the engins gpeed

at which it occurs.

This gives a mumber which ie said to be a measure of tho overall
efficiency of tho englne. It assumes ¢qual probability of operation
wvithin a particular s.f.c. contour and honce takes no azcount of the
load requircments or of the shape and position of the s.f.c. contours.

It has beon emphasiged in this Section, and shown in the analysis
of the gas turbine particularly, that sccount rmat be takon of the
load, Rowbottom compared Figa. B4,9 and £4.10 simply by looking at
the curves and concluded that the optimum control line of the turbo-
charged engins was noarer the maximum power lire and, as a conseguencs,
the additional power had been obtained at the oxpense of fusel economy.
It 18 not practiccble to compare the scteady state fuel economy of the
engines powering a particular vehicle directly, since the enzines

serve differont sises of vehicle,



Rowbottom*s conclusion is by no means obviocus froe a casual study
of Figs. L£4.9 and B4.10.

The techniquo employed by Prof. MHacmillan is atiractive in
that it could culimate in a plot of non~dimensional power versus
non=dimensionnl engine speed. Comparison of the charactaristics
of different engines could be of fected by laying one plot on top
of the other and drawing conclusions from the slope and position
of the gpecific fuel consumption contours.

To ottein & mumericul assessment of a match, a standard, non-

dimensionnl, wehicle ia required. The %centre of oParaiici techniqne
of Giles could be used as a rough and ready gulde, tut it is suggested

1hat a better approach is to standardise on a sinple rolationship
between vehicle weight and wehicle projected frontal area, 4 survey
would suggest a typical relationship, Lot this be

It is possible to put a mmerical value on a typical drag
coefficlent G and rolling resistance coefticient Age The expression
for the required power becomes

2

required power = 1 iU.Ad-!- t..Cpe a(w). V2 x (22) 23 v/

. (15) 1553
T(
— M'B

assuming that By = Oe

*e8



By specitylng & typical power/wedght ratio for the class
of vehicle it is possible to calculate the maximum speed of the
typical vehicle using the maximum hrake horsepowar of the englne
in equetion 4.3, The transmission efficiency may be assumed to
be 0.90. From knowledge of the maximum vebicle speed and the
engine speed at maximm brake horsepover, the overall gear ratio
is caiculable by specifying unity degree of undergearing, Hence,
the load linc of a typical vehicle can be superimposed ornto the
engins characteristics,

The two versions of the compression ignition engine in Figs,
E4e9 and EL.10Q ure intended for uge in large commercial vehicles,
It is suggested, therafore, that the cab sige of such vehicles is
substantially constant., Therefore, the projected frontal area (A)
of a typdcal vehicle for these engine characteristics may be fixed.
A figure of A& = 60 £t° 45 guggested, Taking a pover/veight ratio

of 8 horsepowar per ton, A3 = 0.01 and Cp = 0.72 enables the typical
load lines to be put on Figs: E4.9 abd B4,.10.

4 study of the engine specific fuel consumption figures along
thege typical load lines forms the basis for a mmerical comparison.
A tentative study of these two typ:,c':ai load 1ires suggests a slight
increase in engine efficiency of the turbo-charger version at high
engine speed and a slight decrease at low engine speede '
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The comparison tachnlque 1s not parfect, since it depsnds
upon ill-defired “"typical” parameters. It is felt iptuitetively
that a ainple relationship extsts between vehicle wedght and
projscted frontal area, perbaps of the form

A = kuso e Bhed

However, this reletionship may be velid for s class of vehicles
only and perhaps the vehicles of one mamifacturer only within that
class, '

Revertholess, a basis of comparison now exists where there
wad nono before. This basis takes account of the load remirements,
an esgential requirerment in the assessment and comparison of similar
engines. 4lso, the basio of comparison proposed is capable of
development, It could, for instance, be combined with a non-dimensional

tochnique similar to that proposed by Prof. Macmillan (92).




SECTIOR Eg3

1) ve! 8 yol

Vehicle A is considemed first, being representative of a small
car powered by a petrol engine, It vas decided to use the twin s.u.
carburetter verasion of its engine for purposes of comparison, since
thie results in near unity degree of undergearing with the standard
load 1lins and standard overall top gear ratio. A 20% increase in
vehiclo weight above the standard test figure of 2128 1bf represents
two additionasl passengers plus some luggage. The sort of addition
encountered during the holiday period. Also, 20% increase represents
the sort of weight penslty a mamfacturer could incur if he were
careless in the design of his vehicle,

These two examples represent two separate conditions in the
investigation of the effect of a 20% increase in wehicle weight., The
firet suggests that the weight is added to the vehicle with no change

in overell top gear ratio. Consequently, the wohicle becomes over

goared. The second implies a different overall top gear ratio in order

to maintain unity degree of undergearing.

Vehicle A in ptandard trim, having an engine with the character-

istics depicted in Fig., E4.7, has a maxioum speed of
5000 (rev/min) x 0.0152 (mile/h per rev/min) =~ 76,0 mile/h

3o
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Increasing the vehicle weight by 20% to 2552 1bf and assuming a
transmission efficiency of 0.90 at maximun vehicle speed results
in a maximm possible vehicle epaed of 73.25 nile/h at unity degres
of undergearing. Thie entails an overal_l top gear ratio change fyom
0.0152 to 0.0148 mile/h per rev/min. These figures were derived by
following the calculation procedurs cutlined in Section E4 for the
comparison of engine characteristics. ‘

The drag force expression of vehicls A ig given by

By = 0.0179. W+ 0.025.V° 1n

This enables the juxaposition of the two new load lines to be
seen in relation to the standard load 1line on the engins characteristiocs
(Fig. B5.1). Simply increasing the vehicle weight without modifying
the overall gear ratio overgears the vehicle, The engine gpeed at
toximn vehicle speed is shown to be 4800 rev/min. Thig represents o
maximun vehicle speed of

4800 x 0.0152 = 73 mile/h

This 4s little different fron the maximum speed given above as
a result of changing the overall top gear ratio to maintain unity
degree of undergearing.
| The increased woight loed line maintaining unmity degree of under=
gearing 1s seen to be very close to the standard lins at high opeed
and to deviate from it & 1ittle at low engine speedss

Fig. E5.2 shows the calculated steady state fuel consunptiong



for the two 207 increaged weight conditions as coapared with the
stapdard case {see also Fig. E4.8). Table E5,1 ocutlines the
calculations in the compllation of Figs £5.1 and E5.2.

Fig. BE5.2 shows little difference in the steady-state fuel

consumption between the two 20% increased weight conditions.
Modifying the overall top gear ratio to mainted n unity degree of
undergearing slightly worsens the fuel consumption in the mid-gpeed
range., Fig. E5.2 shows aleo that the weight of a small pstrol engined
vehicle has little effect 'on the steady~-state fuel consumption. In
fact s small increase in welght is shown to better the fuel consumption
very slightly in the mid-gpeed range. Thie accords with experience.
The fuel- consumption returned from a lang holiday run is rarely worsge
than that for normal usage, and may be considerably better. This may
be partly as a result of decrease in the p:roportiﬁn of "warm-up" time

to journsy time (56). However, this benefit is maintained on a long
holiday run, even though the weight of the vehicle has incressed
congiderably from that of normal usage and the average spsed of the
run is probably higher (57).

The conclusion to be drawn from Fig. E5.2 1s that s small change
in the weight of a petrol engined vehicle csuses very little change in
the steady-state fuel consumption, Bscauge the load line of such a
vehicle is far removed from the optimum control line and becauge the

alope of the specific fuel consumption contours is steep near the
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load 1line, a small increase in vehicle weight may actually result
in a better match between engine and vehicle and a better steady=-
ptate fuel consumption. Hbvavar, an increase in vehicle weight must
increase the fuel con:;umption; during trensit conditions, since more
force 1o required to accelerate and retard the vehicle., Thus the
overall fuel consumption can be expected to inecrease, with vehicle
waight., In relating steady-state fuel consumption figures to the
expect.éd overall figures therefore, the vehicle welght must appear
as a factor.

The Autbar has shown elsewhere (1) that a massive increase in
the weight of a petrol engined wehicle results in an increase in fuesl
consumption. Fig. E5.3, taken from Chapter 4 of "The Testing of
Internal %xﬁbuet:lon En.gines" (1) depicts the calculated fuel consumption
of Vehicle 4 in its unladen and laden conditions. This difference
is8 7 cwt. and represents a welght increase of some 40¥. Fig. £5.3
suggeai;s a maximm in the laden fuel consumption (mile/gall) curve
at a vehicle speed of 25 mile/h approximately. Also, the laden and
unladen curves become closer together as maximm vehicle speed is
approached, emphasizing the predominance of aerodynamic drag at high
vechicle speed,

Fig. 55,3 was produced on the assumption of Vehicle A in
standerd trim having its engine in the standard condition with one
carburetter and with its normal overall top gear ratio of 0,0152
mile/h per Pev/min,
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It is of interest now to study the effect of the weight of
a iarge cormercial vehicle on the stesdy-state fuel consumption.
The vehicle chosen ia the 23 ton velicle represented by Figs 44.9.
Fig. 55.4 1o a reproduction of Fig, E4.9 with two edditional load
lines representing a decrease in vehicle weight of 25%.  Unity
degree of undergearing is assumed for one comiitlon and the
standard overall gear ratio assumsd for the other,

¥ig. E5.5 shows the calculeted st.eadymataté fuel consumption
for these two conditions in relation to the standard condition.
Thie shows that the effect of weight is marked. 4 25% reduction
in vehicle weight regsults in a decrease in fuel consumpiion of some
20%, This decreass 1s a result of the form of the compression
ignition engine characterietics. Tus oplimum control line being
clogser to the load line and the slope of the specific fuel consumptio n
contours being less steep than that of the petrol engirie.

Again, thero is a small difference only in the steady-state
fuel consumption betwesn the two #25% decrease in weight! conditiona.
ke line corresponding to an overall gear ratio change, in order to
maintain unity degree of undergearing shows & slight improvement,
Thia 15 to be expected, since the other condition is undergeared.

The general conclusion here i hroadly in lins with Bland's
(59) conclusion published in "Bus and Coach” concerning the fuel
ecomoly of coaches entitled YSaving weight peans saving money®.
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He suggests a saving of 0.56 to 1.00 mile/gall for every ton
velght reduced, His rule of timmb guide for the fuel conau.mpti;on
of a double~decker bus on about-town use is 0.75 mile/gall per
tog wei:ght, thus tying the fuel cgnsutgption exclusively to weight.




2)  Effect of overall geap patio

Two studies are made, as with the p:revidus‘sub-section. The //

first is representative of a gmall petrol engined vehicle, Agein,
Vehicle A with the twin s.u. version of its engine is useds The
second is again the 23 ton commercial wvehicle.

Fig. E5.6 depicte the Vehiclo 4 engine characteristics with )
its normal load 1ine (shown cs a full line and marked O®R = 0.01520)
and with 5% changes 1in overall gear rationbetween 158 high apd 10%
lov. At an overell gear ratio of 0.01748 (15 high), the maximum
speed of the vehicle is _ -

4160 (rev/min) x 0.00748 = 72.8 mile/h
a decrease of come 4.2% from tho optimum. At the other extreme taken,
the maxdmum speed of the vehicle at an overall gear ratio of 0.01363
mile/h per rov/min may be shown to be 74.5 mile/h, a decrease of some
2% only.

Fig. B5.7 depictas the corresponding steadyw-state fuel consumption
curves and table E5.2 ocutlines the intermediate calculations, The
curves in Fig. E5,7 show that overgearing gives a small tut significant
gain in steady-state fuel consumption but that the rate of gain
deminishes as the overgearing 1s incressed, Undergearinz, on the
other hand, results in quite a high loss in economy,

307
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Fig, E5.8 is the heavy compercial vebicle equivalent of
Fige. B5,6. Table E5.3 outlires the intermediate calculations
for the commercial vehicle apd Fig. £5.9 plots out the corresponding
atecdywstate fuel consumption curves.

Fig.. E5.9 produces a very similer result to that of Fig, E5.7
namely, that overgearing operates on the law of diminishing returng
and that undergearing is costly in terms of fuel,

The overall conclusion to be drawn from this study is that a
careful compromise must be made between steady-state fuel consumption
and acceleration in top gear. Alterpatively, consideration should be

given to special gear ratios to cater for one or both of these

performance paramaters.
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3. Effect of nergdynamic drag coefficient

Again, Vehicle A4 with its twin s.u. engine and the 23 ton
commereial vehicle are taken as being representative examples of
a small petrol and a heavy compression ignition vehicles respectively.

White end Carr (24) show that the aerodynamic drag coefficiemt
of a large numbar of motor cars lie between 0,33 and 0,56, Vehicle
4 18 pear the mean of this range with an aerodynamlo drag coefficlent
of 0.495. By considering, therefores, three cases for the small petrol
vehicle, the normal acrodynamic drag, a 25% reduction and a 25%
increase, most of the range quoted by White and Carr is covered.

These three cases are considered twice, Mirst with the overall gear
ratio altered also to maintain near unity degree of undergearing,

This would be the cage if the mamfacturer were to alter the aerodynamic
drag of hie vehicle. Secondly, sssuming no change in overall gear
ratic from normal, as would be the cape if a vehicle ouner were to

edd a roof rack or "fair-in® the bodywork.

Fig. E5,10 ghows the engine characteristics for the first con=
pideration with the degrec of undergearinz fixed at the normal value
of near unity, Little differenceo is discernable bstween the three
curves, however, the 725§ low" 1line is nearer the optimum control line.
Fig. S.11 shows the corresponding calculated stecdy-state fuel
consumption curvea., This chows substantial geins in fuel sconomy
throughout the running range as a result of reducing the aercdynamic
drag coefficicnt, This gain is approximately 20% at lowv speed rising
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o
to 30% at high speed. This explains the good fuel consumption of
some eonti_aental cars which, in general, have lower aerodynamic
drag coefficients than Eritish cars (9).

To obtain the normal degree of undergearing, the overdl gear
retio 1s 0,01408 mile/h per rev/min for the high Cp case and

0.01640 mile/h per rev/min for the low Cp case. These figures
wvere fixed uging the msthod cutlinsd in Section 4 for fixing a

typical load line, Although Fig. 55.10 ghows similar specific

fuel consusption figures throughout the engine speed range, the

real gain by reducing Cp 1s in the lower power required to pr6p01

the veh:ll.cle. Hence the product (gefsCe X enepe) to give the fuel
flov rate is much lower in the case of the low Cpe & further,
gecondary benefit is the increage in overall. gear ratio necessary

for the low Cp case in order to maintain unity degree of undergearing.

Fig. E5.12 depicts the engine characteristic plot for the sedond
consideratdon. The three load lines are shown and the overall gear
ratio is maintained at its normal value of q.0152_;sai1e/h per rev/min.
These load lines are mnch wider apart than those ﬁf Fig. 5,10,

The corresponding steady-state fuel eonsumptibn curves are shown
in Fig. E5.13. These are of the same trend as those of Fig. ES5.11,
but the effect of change in the serodynamic drag coefficient is not
qu.lto' go dramsatic.

From the point of view of steady~state fuel consumption therefore,
it is well worth paying attention to the serodynamic shape of a motor
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.¢ar, This conclusion applies both to the mamfacturer when
coﬁé;idérﬁ:g the styling and the ouner wvhen contemplating the

addition of appendages. Dawley (70) and Catoy and Meek (Bl)

show the effect of components and of minor changes in aercdynanio
shape,

Turping pow to the heavy commercial vehicle, Fig. ES.l4

shows the T 25% change in the merodynamic drag coefficient lines

on the engihe characteristic plot. This plot essumes constant

and unﬁ.y degree of undergearing. Using the method outlined in
Section 4 the overall gear ratios become respectively for the high
drag case 0,02681 and for the low drag case, 0,03038 mile/h per rev/
oin. The corresponding steady-state fuel consumption plots are shown
in Fig. E5.15, This chows a large saving in fuel costs as a result
of reducing the aerodynamic drag coefficlent, but not quite as large °
a saving as for the small motor car. This is to be expected becmuse
the aerodynamic drag of a large, heavy commercial vehicle is not &o
kigh in relation to the rolling resistance as that of a snall motor
car, | i
Figses E5.16 and E5,17 are the corresponiding plots for the heavy
commercial vehicle assuming that the change in serodynacic drag’
coefficient 1s made with no change in overall gear ratio. Flg. E£5.17,
vhen compared with Fig, E5.15, shows virtually no difference in the
change in fuel consumption vhen mainteining a constant degree of
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undergearing or vhen maintaeining & constant overll gear ratio.
This conclusion could be implied also from a study of Fig. ES.9.
While the saving s shown to be less for the heavy commercial
vehicle when expressed as a percontage, it is, however, just as
mPoert to study tho aerodynamic shape of such a vehicle, The
agtual cost inwlved itself is greater because the vehicle is greater.
Also, the vehicle has to operate commercially as an economical
proposition. Thie requirement negd not be true for a private motor
car. Joyner (65) shows that the fuel cost of a heavy commercial
vehicle ie by far the highest cost when expressed as cost per mile
and is four times that of the first cost. -

The overall conclusion, therefore, is that the aerodynamio drag
coefﬁgient. hga o marked effoct on the steady-state fuel consumption
of a vehicle, It is unfortunate that the actual fuel consumption of
a vehicle in normal operation is appreciably higher than that predicted
by steady-state considerations. A great deal of the apparent benefit
to be gaired by reducing the aerodynamic drag coefficient ig therefore
lost.- Narren (58) shows a measured 16~18 mile/gall for a car of
European msmfacturer in the 20 to 30 mile/h epeed range described
as "pormal urban dr.tv:lng"t This compares with a nmeasured steady-state
figure of 35 mile/gall, In the 40-45 speed range described as "fast .
traffic driging” the measured overall fuel consumption is 23-26 mile/
gall compared with a gteady-state figure of 30 mile/gall. For "60-65

mile/h thruway driving® the measured figures are very similar to the
3
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oteady-state, 23-25 compared with 25 mile/gall. Ons test on & car
in a heavily congestoed area, where the driver was making 32-37
traffic stops per 10 miles, each with an average time of 1l5s,
showsd a fuel consumption of 16-18 #ile/gall.

As the building of motorways apd high speed roads continues
and ag lelsure time to make long trips increases, the importance of
the aerodynamic drag of a motor car increases (57)s The extension
of the motofway nstvork bensfits also the comrercial wehicle operators.
Hen;:e, it is becoming important also to pay attention to the aero-
dynamlc drag of commercial vehicles (seo also Joynar (65)).

There are a mmber of suggestions as to where savings may be
made in the aecrodynsamic drag of a vehicle, Cato and Msek - (81)
suggeat from a series of wind tunnel tests that a wing mirror costs
seven cents in fuel per 1000 miles at 65 mile/h. An advertising
board, similar to that fitted to taxls, can reduce the fusl consumption
fipures by 1.5 mile/gall, They sugzest however, that attemtion should
be paid to reducing the projected frontel area of a vehlocle, Thair
conclusions are based upon steady-state considerations,

Perhaps the first component on a motor car worthy of study is
that suggested by the Aut;bor in the discussion of a paper by White and
Carr (24), namely the engine cooling system . Dauley (70) states that
the cooling systen of a conventionsl layout accounts for about 10% of
the aerodynemic dreg. White shows elsewhere (9) that the cooling drag



3/4

is quite significant, Careful attention to the design here must
prove beneficial sirce, from basic thermodynamics, the addition of
heat to a ducted system is capable of returming a nett thrust.
Effort in this direction should result in a better cooling system, .
less drag without upsetting the styling of the vehicle, Other
componente, such as windscreen, rear window, wings etc., may be
subjected to a more long term programme since production, styling,
handling and possibly safety are involved, b

Joyner (65) suggests that for a commercial vehicle having a
van type trailer, the frontal area should be no leosger than that
required for the loads to be carried. He suggests fuxther that the
engine driven accessories should be chosen carefully ard that an
ergins having a good match with the vehiéle be chosen.
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4e Effect of onzine iz

It 15 of interest now to look at the effect of engine sige on
the steady-state fuel consumption, Barlier studies (eee Section
E4) have shown that an increased engins ocutput does not necessarily
result in a worsening of the steady~state fuel consumption. The
match may be better,

Vehicle A is again chosen as balng representative of a cnall
petrol engined vehicle. Hcwever, since the characteristics of
pimiler engines to that of vehicle A tut of differing size wers not
available for this study, it was decided to use three engines of the
Fiat range, the characteristics of which are availeble through the
M«I.R.A. reports on foreign vehicles, The three engines chosen are
tho engine fitted in the 1964 Fiat 850 S of 843 cc capacity, the
ongine fitted in the Autobianchi Primula of 1221 cc capacity, and the
engine fitted in the 1960 Fiat 2100 saloon of 2100 co capacity., The
characteristics of these engines are presented as plots of engive
torque sgainst engine speed. Thess have been translated to plots of
engine power against engine speed in the manner described in Section
E3 using computer program Bl84. FPigs. E5.18, E5,19 and E5.20
reapectively show these engine characteristics togetber with the
load line of vehicle A, A degree of undergearing of unity is assumed
for each of the match studies for comparison purpcses. Hence, the
overall gear ratios are respectively, 0,01383, 0,01618 and 0,01936
nile/h per rev/min, These three characteristic plots may be seen



3/6

to be very simller, Perhaps the gereral officiency level of the
largos 2100 cc engire is slightiy highar than that of the other

two. The bump in the full throttle line of the large engine near
the maxitmum power speed is discerpable also in the original MIRA
curves, as also is the deviation in tke 0,500 specific fuel consump-
tion line shown in Fig. E5.19.

Fig, B5,21 shows the corresponding, calculatad steedy~state
fuel consumption of Vehicle 4 when fitted with these enginss, This
shows a relatively small, but noticeable difference betwoen the 1221
cc and the 21U0 cc engine, the larger engine roturning the‘poorer
fuel consunption, These two curves may be seen to draw together at
high vehicle sreed.

The curve of the small 843 oc englne shows large galns at low
vehicle speeds. Thege initial geins diminish rapidly as the vehicle
speed increases such that, at 65 mile/h, the larger 1221 cc engips
returns a better fuel consumption, The maximum power of this small
engino is similar to the normal englne fitted to Vehicle A, The
steady-state fuel consumption curve ig gensrally similar, perhavs a
little better than that of the normal engine,

It would be unsafe to draw firm, general concluaions from this
gtudy. Its scope is not sufficlently wide. However, the suggestion
is thot & esmall cengine produces a very good fuel consumption at low
vehicle speeds., 4n increase in the slge of engine rapldly reduces
the benefits to almost e common level. At high vebicle speeds, the
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sugzostion 1s the match is better with the larger engires. Correll
{57) supports this conclusion in his study of three engines powering
anl imerican motor car. The enzines were o small 6-cylinder, a

large 6-cylinder and an 8-cylinder respectively. His graphs show
gains with the smaller engines at low speed with very little
differencoe at high vehicle speed.

It 48 important therefore, to study the effect of engine size
very carefully during the deslgr etage of a vehicle. The eojomnw
benefits of & small engino have to bs weighed very carefully egainst
the botter performance of the large engine.

Turning now to the 23 ton commercial wvehicle powered by a
conmpression ignition engine, Fig, £5,22 depicts the engins
characterietice of a cmaller engine to that previocusly considered,
(seo Fig. B449) but of having the seme marufacturer and of similar
characteristics. Fig. E£5.23 shows the characteriagtios of a larger
compresalon ignition engine, the mamufacturer of wiich is not common
to the other two amd the engine is a turbowchargad tuo-strolke.
However, the characteristics look very similar to those of the other
two. The load lines of the 23 ton truck are shown on these two plots
again assuning unity degree of undergearing for the purposes of
comparicon. Fig. 85,22 shows the position of the load line on the
omall engine characteristics close to the optimum control line,

?ho Author is indobted to A, Rowbottom (104) for the gupply of the
characteriztics depicted in Pige. E5.22 and E5.23,
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Fig. E5.24 shows the steady-state fuel consumption curves of
the large engine and the small engine in relation to the "normal® _
engine congldered previously (seo the 8,0 hp/ton line® on Fig, E5.5).
The suggestion to be made is similar to that for the petrol
engines that a small engine shows large gains in fuel economy at
low vehicle speed with the poaition reversing at high wvehicle speeds.
It wuld be of help in furthering this study to have a mathe-
matical model of a st of typical engine characteristics: Perhaps
in non~dimensional fork which may be distorted at wvill to repreasnt
say a petrol engine or a compreseion ignition engilne, ESuch a model
would be of help generally in a paramstric study since it would
eliminate the psculiarities of a particular engine and allow very
small changes in a parsmeter, rather than the large steps in
considering say three different engines. It is intended to carry

out this work in the pear fudure,



S5« Automatic transmipsiong
The distinguishing feature of a conventional sutonatic tracp-

mission is 1ts use of a torque converter. This umt, by its very
nature, introduces a degres of "slip® in the drive 1ims, hence o
degree of pover loss. A full steady-state, match study oay be
conducted between a wvohiclo and its autonmatic transmission and .
engine in just the same way as outlined above Ly first conducting
a sep;:rate match study betueen the engine and the torque converter,
as outlinsd in Section F3, using computer program BO7l. This
geparato match study affords the characteristics et the cutput
shaft from the torque converter. The apgino characteristics may
then be related to this ocutput shaft and tho vehiclow-powar unit
match conduoté& as above,

The engins-torque coaverter match allows for tho power absorbed
by any “front pump' in the transmission., The vohiclo-powsr unit
mateh study must allov for any Yrear pmp".

Studies of this nature yield information on the effect of
different torque converters on the stoady-gtate fuel consumption,
This effect 1s llkely to be small since Sectlion F3 shows that the
coupling point of the torque converter is reached at quite a low
vehicle speeds A typical vehicle speed at the coupling point is
helf the maximunm vehicle speed for steady~state rupning.

Warren (58) has conducted road tests on two large cars of
american mamifacturer having automatic transmiesions in conjunction
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with a mumber of Europesn mamufacture, and concludes that the

poorer fuel consumption of the former is not primarily due to the
autonatic transmission, but that it moy.be a contributing factor..
Forster (93) has conducted tests specifically to evaluate the

effect of an antomatic transmission, He used two cars (presumably
similar, although he does mot cay) and regularly exchanged drivers

and transmisslons., Hec concludes that an antomatic transmission

cauges a 6 - 104 increase in fuel consumption and that it is |
reaponsible for more fuel being congsumed during transient conditions.
The overall increase in the fuel consunption he diasmisses as baing within
the tolerance of vehicles and driver habits., This conclusion is falrly
representative of the condlusion of road test reports on ranuzl and
automatic vehicles. .

Cornell (57) suggests that the gteady-state fuel corsumption of
an auﬁmtic vehicle could be better than a mamal at hizh vehicle
speed because the drive axle ratio is gencrally higher gesred (lover
mmerical value of gearing) and becsuse the engins mixture strength
could be leaner. His tests on otherwise identical cars cuggests a
seving of 1 mile/gall by employing an entomatic transmission undar
steady-gtate, high speed conditiona.
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SECTION EG

Conclusionsg

l. The eng:lne characterigtics and the wohicle charscteristics
should not ‘oe asseased independent_y. A full match study is ‘
important and necessary at the design state.

2. A ful] mtoh study is capable of pradj.ctinc, tho stegly~-state

fuel consumpbion of a vehicle.

3. The techmique of reducing the "raw' engine test bed results to
produce the engine power characteristic plot and the tachniques for

converting from torque to power require further development,

4e A full gtudy is required of the effeot of tramsient bshaviour
o n fuel consamption, Hare the statistical angylsis technique of
Smith et al (207) and/or the laboratory rig simmlating a complete
vehicle of -Genbom et el (108) may bs of use.

5. It ip thought that vehicle mass has an important effect on the

transient fuel consumption. -

6. The cevelopmant of the Vgtratified charge" engine should be
studied cerefully, esince it cffords a better mateh with a conventional
vehicle than does a petrol engins,
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7. The gas turbine study enphasizes the validity of conclusicn 1.
above, The steady-state fuecl consumption of a wvehicle powered by a
gas turbine is appreclably better than a cursory glance at the full

loed choractoristics of the engine would sugcest.

8., It may bo possible to modify the components of o gas turbine

oengine to product a better match between tho engipe and the vehicle.

9. Tho good match between enzine and vohicle of the gas turbine
should ensure ite place in the heavy commercial ficld at least,

This position could be extended by the introduction of variaeble
geometry inlct guide vanes to the turbine and/or some othor
psophistication to enhance the part load efficiency vhile still
retaining the excellent torque characteristics. An inmportant
consideration here is the multi-fuel capabilities of the gas turbine

engine,

10, The I.aasis for the comparison of engino characteristic plots
outlined in Section E4 is reasonable 1n that it tekes account of a
typical load, This featurs is ossontial in any comparison. Yovover,
further development ard proving is required.

1i. A small increaso in the weight of a potrol engincd vehicle has
little effect on the steady-state fuel consumption, This conclusion
is irrespective of whether the overall gear rotio is modified to

paintain constant degreeo of undergearing. 4 large increase in vehicle

yoight however does have a pronounced effect.




Hoight is shown to bo ioportant with o vehicle powercd by a
conpression ignition engino, Again, this conclusion is wlid
irrespactive of vhether constant dégrce of unﬂergcaring is maintained.

A further detailed study is rcquired oo tho effect of vehicle
vedpht., This should be corducted by very cmall chanzes in vehicle

weight over a vide range,

12, Ovargearing a vohicle gives cignificant geins in the steady-
state fucl consunption, but the rate of gain dinminishes as the degree
of urdaorgoarinr decroases. Undorgcaring results in a gigoificant
worsening of the stecdy-atato fuel consumption. This conclusion is
valid both for potiol and conpresoion igrition engincd vchicles,

Tho desrec of undargcoring of a vehicle cnd/or tho fitting of
an ovardrivo unit roquirc coreful consideration at the design stage
in ordor to provide & good compromiso betwoon top geor ccecleration

cnd fuel congsumption.

13, Changos in the cerodynamie drag coofficicnt of a wehicle produce
sigpificant chonges in the steady-stato fuel consumption. "It is
confirncd that an offort should bo made to rcduco the acrodynamic
draz of fubure dcoizng ard that the cooling system warrante the first
attention, oinco its codification is 1likely to have littlo effcet on

styling, saloo appeal o safoty.
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14. The effect of cnzine gize in a vehicle is not fully conclusive.
Studies suggest however, thot e small cnzine produces a very low
steady-state fuel consumpticn at low wvshicle speeds cnd that this
gituation vorsons rapldly to a comdon level ao enzins sige i
incressod,

At high vehicle gpeeds, a large enzine ooy roturn a gigrificantly
bettar steady-state fucl consumption than e small enzine,

Thie mcans that the gize of enzine requires very caroful
con'siderntion at the design stoge of the wvehicle in order to optimise
on fuel consumption, meximum vehicle apeed and accelerative performance,
Also, since the effect of-engine sige nmay vary dramatically with
vehicle speed, the effect of vechicle transient behaviour must be
considersd. Further study may enable each factor to bs costed and

a full optimisation study made on the effect of engine size.

15, 1 oothematicel model is required of the tyrieal engine
charcctoristics of, aay, o petrol enziro and of a compression ignition
enzyine, This could be preoduced by initially describing the specific
fuol consumption contours by simple ellipses. Such a modol could be
oogily distorted to simlate different effectn. It would be a
relatively sinple matter to progrem it for a digital conputer and
ohould prove on invalusble tool in the study of tho effect of engine

slco, wehicle weipght and other important paramoters.
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*

16, Ibn conjunction witb conclusion 15. cbove, vork ruct contime
in an attempt to "nop-dimensionalizo® the match study plots in
order to asglst studles of a theorotical maturo and as an ald in

conparison (soo also conclusion 10 00ovO).

17. 1f, os Joynor (65) sugzoato, the fuel bill of commercial
vchicle operation is eo high, o corcentratcd offort is due to

rctuce it. Iuch can bo done at the design stege by mateh studies,

18. Tho use of an automatic transmission in o wotor cor slizghtly
worccns the fuel consuaption due, in port, toc the offsct of an
autoratic trapsmnission curing tronsients. By runnipg the mizture
strength of tho cpyine usak (lecan), the steady-state fuel consumption
at hizh vehiclo speed can bo botier than the mamel transmiscion

version,
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SECTION

Lotreduction

A vehicle having a torque converter in the transmission line,
or any device which removes the simple, direct relationship bstween
engine speed and vehicle speed, .should be treated differently from
the performance calculation point of view. The computer program
BOO1 daveloped for mamisl transmissions is not suitable. It is
desirable, however, to develop a technique for dealing with the
performance calculation of autoratic transmisslion vehicles because
their popularity is increasing,

It 18 outside the scope of this work to describe the many types
and designs of automatioc transmissions and torque cnverters. A full
gsurvey and hist.ory of development is given by Giles (39) and, more
recently, a catalogue of the different types in use today is given
by Mitchell (40). This lastter reference shows that practically all
of the designs in use todaﬁ in Burope and Japan consist of a torque
converter in series with some form of stepped ratio gesrbox. HNons
incorporate a drive line by passing this system. The torque converter
48 used to give extra and a variable torque multiplication, some
degree of "cushioning" in the drive and for its ability to give e
smooth take-off to the vehicle,

Pert F, therefore, is devoted to the development of a suitable

technique for csleulating the performance of a vehicle having a torque



converter in series vith a stepped ratio gearbox type of transmission,
A typical example being the Borg-Warner 35, the essential components
of which, from the performance calculation point of view, are outlined
in Fig. Fl.l.

The input shaft to the torque converter is driven, either directly
or through gears, by the engine. To this input shaft is fastened
the torque converter impeller. The drive is then taken through the
fluid to the torque converter turbine and thence to tho‘gearbox.

The reaction member is arranged on a free-wheel device such that it
can turn in one direction only. When the reaction member is
gtationary, a degree of torque multiplication ia provided by the
torque converter, When the reaction member is free-wheeling, the
drive through the torque converter is similar to that througﬁ a

fluid flywheel and there is rno torque nultiplication., The point at
which the reaction member starts to free wheel is termed the "coupling
point®,

The standard Borg-Warner 35 transmission incorporates two oll
pumps in the gearbox. Both pumps supply fluid to the control system
within the gearbox. The front pump is driven by the engine and is
the larger. The rear pump 1s driven by the transmission and may be
used to activate the control system when the vehicle 1s being "pushe
gtarted,® that in when the engine is out of action. It is becoming

the practice, howsver, to dispense with the rear pump.
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The gearbox provides a maber of stepped ratios vhich are
automatically changed at pre=detormiped vehicle specds (and load
conditions). Hence the gear change speeds with an cutomatic
trensmission are independent variables which mast be specified.
This constitutes an important difference betwesn tho performance
calculations for automatic transmissions and mamal transmissions.
The other essential difference is that there is no simple direct
relationship betwesen engine gpeed and vehicle speed, In ordef_ﬁo
calculate the engine speed at a particular vehicle speed, the

characteristics of the torque converter mst be known.
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ECTIO
a ticp of the torgue co

In order to effect the match botween an engine and its torque
converter it is necessary to marry together the characteristice of
both. The relevant engine characteristic is its torque against
speed curve for the throttle angle or fuel pump rack position
under consideration. In this work, full throttle or full rack
openling.

The relavant torque converter characteristics ere the curve

of
K-factor = input speed (Ng) against output shaft speed (N,)
input chaft spsed (Hg)

Jirpat torque (Tg)
and

Torque ratio = output shaft torque (T,) egalnst

Anput shaft torque (Ty)

output shaft speed (No)

input shaft speed ()

L

It is shown below that both these curves are unique for a
particular torque converter.
Reyner (38) has analysed the fluid flow in o torque converter

and has set up the three basic equations governing the performance
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of a torque converter. In simplified form they are :-

Power equation

2
{HE;+b(;.E;§+¢ g-td;z;-l-e:o —— F2,1

Input torque equation

Output torque equation

a0 =f » e la o + D —— F2.3
a cﬁ c
m

- The terms a, b, ¢, 4, e, £, g, 1, m are constante for a particular
torque converter and are functions of the geometry of the torque
converter only. They are made up from blade radii, angles etc.

These terms are doveloped in full by Raynsr (38). The term Gy is
the "meridianal component of fluid velocity® within the torque
converter. This term is of interest to the torque converter Lesigner
but of little interest to the Performance Engineer., Accordingly, it
is desirable to eliminate it from the above equations.

Defining

ppeed retio SR = — P24

e lo™

and using the identity

3%
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N -H -
_Q"‘E x N -NExSR ———— P2.5
w & f Ca

in equation F2,1 in order to form

(a #c.5B%) (K, 2. (b+d.SR) (Ny) + e 20 P26

Cp c
()
The term Cp may be isolated from equation F2.2, glving
2-8
vhence
N = .
cﬁ - 2.8 —_— — 2.8
= tffz"' 4e8e. (Tg)
peny”
Ng")

substituting ocquation F2.8 into F2.6 affords a unique relationship

betueen the term ( KB, ) and SR for the particular torque converter

T 3
¢ )

under considcration having design conatants 8, b, ¢, d, etc. This

relationship therefore, links together input torque and shaft speed

and output shaft speed. It is now necessary to find another relation=

ship to give the output tarque in order to describs the full

characteristics of the torque converter.

This secord relationship cay be obtained by re-writing squation

F2.3 asg

. 1w
# {é}"’ﬁ’i - F2.9

IQ-,_ﬁ-f..Q’E.. + 4 [ PE nﬁR) + m




and dividing equation F2.9 by F2,2 to give

To = 2. (Bz)s 1. (lilE xSR) +

™ . '
B (‘7-73 _ fﬁ; ) — F2,10
f. (N) . g '
Cn

Again, substituting expression F2.7 into F2,10 ylelds a relation-

5 7

ship between torque ratio (T.), SR end the K factor ( Eni,
Since the K factor against speed ratio curve 1s unique, there
exists a unique relationship between torque ratio and speed ratio
for any particular torque converter.

The above relationships are given in full, together with s
comprehensive torque converter design procedure in a tech. note:
by Lucas and Rayner (44).
| A typical set of torque converter curves is shown in Fig. F2.1.
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SECTION F3

Match betwgen engine and torque converter

Fig. FB‘..I 1llustrates the problem to bs solved of an
accelerating vehicle and an aceslerating engine coupled by a
t.orqué convorter. Ip is tho stea(iy state t.drque output from
the engine and T; the input t.oz"que to the torque comverter. It
has been demonstrated by Ott (42) that it is permissible to
assume quaci-steady conditions for the operation of the torque
converter. Hence

T:I. = ( impeller, or pump apeed)2

E~-factor ;

using the ateady state torque converter K-factor defined and
described in Section P2, The equation of motion for the engine

becomes therefore

TE-T’.:IB. d wy e F3.1

where wp is engine speed in rad/s.

The equation of motion for the vehicle itself is
T, zDAR x GR x 71. -

F
=dV L
d = xm
Ty % Ex22

— —— F392
15

where the output torque from the turbins of the torque converter
is given by
T, = Ty x TR e F3,3
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and V is the vehicle spoed (mile/h).

Section F2 shows both !1 and T, to be functions of engine
speed th) and vehicle speed (V) only (that is of speed ratio).
Hence equations F3.1 end F3,2 represent two non~kinear differentiel
squations ha:cring time (t) as the independent variable and
deperdent variables wp and V. It is more convenient, howsver,
to consider vohicle speed (V) as the independent variable, since
the gear change points on 2 full throttle time-to-speod test of
an automatioc transmiasion vehicle are fixed at pre-determined

spaeds., Futting equation F3.2 into F3.l1 end re-arranging yields

therefore
dg _(Tp=Ty) 2mn
il } 15 — F3.4

(T. x DAR x GR x /)
S 71;-5’&

Bquations F3.4 and F3,2 pay be solved independently using a
standard mathsmatical technique to yield the engino spoed at a
particular wehicle gpeed during an acceleration run and the time-
to-gpeed,

The integration process may be commenced by finding the
engine "stall speed”, That 1s the steady state, full throttle
engine speed corresponding to a torque converter speed ratio of
gero., Thig may be determined from a previous match study between
the engine and the torque converter or by sstting



dUE =°

av

in equation F3.,4 and using an iterative techmique to find the
engins speed at which the steady state engins torque (Tp) equals
the torque convarter input torque (T,).

The gear changes present a problem since they represent a
discontimity in the integration procass. Ott (42) attempted to
overcons the problem by specifying in some detail the gear change
itself, thereby malking the integration contimous, but nscessitating
the specification of the gear changes clutches, individual pear
vheel inertias etc. Perhaps a more reasonable approach to the
problen is to assume that the ongine acceleration becomes gero at
a gear change. Hence the integratlion process contimues again
from a neu start, the new boundary condition being the steady state
ongine spsed corresponding to the gear change vehicle specd. Again,
this steady state engine gpecd is found from a previous match study
or by the iterative procszdure outlined above.

A vehicle performance program (Bl67) was devised using the
above philosophy and the Runge-Kutta-Gill techmique for the solution
of the differenmtiel equations., This program is listed and described
in Appendix F5. |

Eow an important function of a vehicle performance program,

such as B167, is that of a parametric study os an aid to the Design
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Enginsers. It is shown later in Section F6, and in particular in
Table F6.1, that the torque convarter itself has litile effect

on the time=to-speed of a vehicle. The choice of a particular
torque converter is not made from time-to-speed or maximum speed
considerations, but from engino moisse, engine stall speed and
engine response behaviour considerations. It is of greater

benefit therefors, to study separately, and in gome detall, the
match between a particular engine and a particular torque converter.
Once this match has been declared satisfectory, it is possible

to consider its performance in & vehicle.

Adopting this approach reduces considerably the computational
time involved, particularly when conducting a vehicle paranmstric
study, since ’.E.he calculations involved in the torque converter -
engine match are settled, and need not be repeated for each paramster
change.

4Also, the timee~to-speed integration technique may be the sinple
tachnique outlined in Section Bl2 for mamal transmission vehicles.
This, in itself introduces a considerable saving in computational
time @ince a vehicle speed step length of 2 mile/h. may be used with
the saue order of accuracy to that shown in Section Bl2, Using a
step length greater than 0.1 mile/h, with the Runge-Kutta=-Gill
procegs could result in an unstable situation arising during the
caloulation, particularly as maxirum vehicle speed is approached.
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Several other difficultiea were found with the Runge-Kutto-
Gil1 process'. The first being the difficulty inp interferring
wvith the integration procedure in order to accomodate phenomena
such as "wheel-spln®™ and the possibllity that the specified final
speed of the integration process may be groeater than the maximum
speed of the vehicle,. 4lso, in considering the effect of engine
inertia on vehicle performance, equation Fj.A shows that it 1is
not possible to consider the interesting and ultimate condition
of zero epgine inertia. An ipdeterminancy emxists which shows
the specified equations of motion to be no longer applicable.

The problem is different.

It vas decided, therefore, to devise a gteady-state matching
procedurc botween the ongine and its torque converter and to
eVolve a technique whereby the results of this match study might
be used in vehicle performance calculations, due allovance being
made for the change in the match caused by the accelerating engine,

It 15 expected that the technique of using the Runge-Kuttaw
" G111 integration process, as ocutliped in Appendix ¥5, may prove a
more beneficdal technique when dealing with the performance
caloculations of automatic vehicles having shunt transmissions or
other complications,

Before dealing with the match study proper between enzine and

terque converter, a moers has to be devised to deal with the torque
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required to drive the fluid pumpa, particularly the fromt pump.
The front pump torque is subtracted from the engine torque before
pagsing to the torque converter.

Since thes majority of automatic transmissions is of the iype
Borg-Warner 35, it wae decided to build into the digital computexr
prograns the Borg-Warner pump figures and to make proviaion for
the substitution of eny others, should that bacome necessary. It
was decided also to isnore theo fact that the comtrol presgures

within the Borg-iarper 35 alter during s goar change, tius
altering the torque necessary to drive the pumps, This change is
quite small and the level of torque neccasary to drive the pumps
is small also in reletion to the torque output from the engine,

Figs. F3.2 and F3.3, kirdly supplied by Borg-Worners Ltd.,
depliet the horsepower necessary to drive the front and rear pumps
respectively. A high proportion of the powar required in both
cases constitutes mechanical loss which i1s largely irdependent of
the pregssure head on the pump., The total horsepcwsr absorbed
{figures were converted to torque figures to which fourth order
polynomials ware fitted,

Listed below 1s the matching study digita) computer program
BO71 desigped to effect the match. Once agzin, use is made of the

very versatile polymomial curve fit in order to describe the match
mathematically.
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Storage spaces '4'-:PUHP(1) to FUMP(5) give the fourth order
polynonial for the fronmt pump torgue. This is followed by "Heading®
cards, Statement mumber 2 reads in four fixed point mmbers. NT
18 tho mumber of points on tho engine torque curve, NK is ths
munber of speed ratio points used to describe the torque converter
characterigtics, KNPUMP is any ppsitivu or negative integer. 1If,
hovever, NPUMP is set at gero, the program will ignore the torque
required to drive the front pump, If a non-zero integer ip asgigned
to the fourth term RCARD, cards are punched out giving the polynomial
coefficients of the relevent curve fits described below ready for
use in the subsequent vehicle performance program. If these cards
are not rquired, RCARD ghguld be set at zero.

If 8 45 read in as gero or a negative integer, the program will
accopt the coefficients of & previous sixth order polymonial curve
fit to the engine torque curve, together with the minimin and maximum
allowable engine speedsg. Betuegn statement mumber 3 and 7 therefore
the program deals with these coefficients, Fifty points on the :-.: >
engine torque curve are gpnsrated fron which are subtrected the front
pump torque figures.

If, bhowever, NT is a positive integer, the engine speed and
torque figures are read in. To these 1p fittzd a sixtb order poly-
nonial because iﬁ will ;e required in the subsequent vehicle perform-

ance progrum. The coefficients of this sixth order polynozial are



pot used in this matching study program. The front pump torque
figures aro then subtracted from the engino torque. Henco the
conputer store holds NT points of englue torque less front pump
t.o:;que figuras, Lt belng 50 if the original torque curve was
road in as a polynomlial,

Statcment mmber 9 reads in KK sots of torque convorter speed
ratio {8R), E-foctor (AK) and torque ratio (TR) figures. These
are nmarried to the Il engine figures in the following mannar,

Firct the englne K-factors are evaluated. That is engine
output opeed divided by the square root of met engine output
torque. Theo engine speed 15 then expressed as a aixth order
polyronial function of the engine R-factor. Hence, for each of
the torque converter speed ratio points, the ongine spoed is known
aloo. Since the speed ratlo is specified and the torque ratio of
the torque convertcr known, the output torque from the torque
converter versus speed characteristlc ie known. Thfs the match
is complete,

Statement 12+ 6 down to statement ﬁnmber 11 evaluates the
horsepover into and the horsepowexr out from the torque converter.
These figures and'their difference are printed out. The difference
is the pover loss from the torque converter Jissipated as heat
energy.

The program then procesds to £it an eighth crder polynomial
to the output torque against output shaft speed figures for sub-
sequent use in the vehicle performance program. This is discussed

further below.

- 3!
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Also, a sixth order polynomial is Pitted to the enzine speed
and torque comverter ocutput shaft epeed figures, again for sube
sequent use in the vehicle performance program.

Fipally, a card, eithsr blank or bearing en integer is resad
in, If blank, the progi'am endea. If an integer, the program
gwitches back to the appropriato statement pumber,

The polycomial curve it sub routine is that listed in
Appendix Bl,

Table F3,l is a typical output from program BO7l. It represents
a match study between the engine of wehicle B and a Borg-Warner
225K torque converter. As may be seen, the curve fitis are very
good. The curve f£it of interest however is the eight order poly~
nonjal describing the torque converter output torque characteriatic,

The crosses in Fig. F3.4 denote the match study points. HNote
the"coupling point® at 2500 rev/min. approximetely, at which the
reaction member in the torque converter commencees to free-wheel.

At output shaft speeds above the coupling point, there is no torque
multiplication and the shape of the torque curve ls very similar to
that of the engine torque curve. The dots in Flg., F3.4 denote the
evaluation of the eighth order polynomial at every 100 rev/min.
interval from gero speed to 6000 rev/min. of the torque convertex
output shaft. The program used for this evaluation was BO54 listed

in Appendix Bl.
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The curve fit generally is good. The coupling point should
not bes quite so rounded, but this is of 1little consequence.
Consideration was glven to describing the output torque curve as
tvo lower order polynomials meeting at the coupling point. The
amount of work and computer time involved would be similar. This
would producs the discontimity in the slope of the ocutput torque
assumed to exiot at the coupling point.

However, since this point is of little importance and since
it may be desirable to cater for torque converters having more than
ons reaction member and hence more than ons "coupling point,® it
was decided to retain the eighth order polynomial.

The agset of an eighth order polyrnomial is its versatility,
and this can bs its weakness akso. The lull speed range of the
engine must be specified for tho reasons given in Part B, section
2. Similarly, the torque converter data must be extrapolated to
include a K~factor at lea_at as high as the maxirum possible engine.
&-factor. If this is not done, the highest ocutput shaft speed
considered may be less than the speed obtainable during a
performance run. low Filg. F3.4 shows that an eighth order poly=
‘nomial can veer rapidly off course cutside the data range. In
fact the output torque at 6000 rev/min given by tho polynomial
used in Fig. F3.4 18 =98,442 1bf ft. If i1t were possible for
the output shaft of the torque converter in vehicle B to reach



6000 rev/min, the vehicle performance culculstions would be in
error. However, since a high torque converter K-factor was
included in the match data, the resulting eighth order polynpomial
is adequate, and it vas found in the leter vehicle performance
calculations that the torque converter output ghaft speed at,
naximun vehicle épeed was 5000 rev/min. approximately.

The figures glving the horsepower into and out of the torque
converter empl;asiao ths poorer fuel consumption of the automatic
vehicle compared with its mamial counterpart.,

. Program BO71, therefore, enables the Designer to study in
considerable detail the match between a particuler engine and a
particular torque converter before committing himself to vehicle

performance calcunlations. The error columns in the curve fit

print-outs confirm that there is little or mo error in the original

4

data used,

The engine t.orque against engine speed, the output shaft torque
agalngt output shnft. speed and the engine speed against output shaft

speed polynomials fully describe the mateh mathematicslly and are

used subsequently en the vehicle performance program,
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MASTER 8n74
DIMENS[DHC(16),9(5U)-T150),5R(SOI.AK(SO).Tntﬂoi.ErtSO).A(Tl.EN(SO)
1, PUNMP(5) '
COMMONEYK 1, P
PUMP (1183 07241258
PUMP(Z)a-[,iddH?OB!
PUMF(3})=2,911:72275
PUMP(4)== 173875627
PUMP(S)2 01107020348
t WRIIE(2,100)
READ(1,101)
WRITE(Z2,101)
WRITE(2,102)
2 READ(1,103)VT ,NK,NPUMP,NCARD
IFINT)D.0.7
3 REAO(!.104)!A(1),I=1.7).9MIN.UBS
€C SIXTH QORDER POLYNOMIAL ENGINE TORQUE LBF FT BF({{ENGINE SPEED)IRPM)/1000)
I=RMIN/10ODD,
D0 4 131050
IF(NPUMP)20,0,20
FPUMPRD
G2 70 ?1
20 CONTINYE
FPUMPaPUMP{ )
DC 22 ‘Kg?_p';
22 FPUMPBRPUMP+PUMP (KK )4 Zhe (KK =1 )
21 CONTINUE
Tili=zA(1)
np s Je2,?
5 T{IleT{I)+A () RZue{J=1)
TiT)=T(])~FDYMP
R{l}lal
I=2Z+(V3S=QMIN) /49000,
4 CONTINUE
NT=50
Jd=7
WRITE(2,117) .
WRITE(2,108)1(1,8(1),1=21,7)
WRITE(LZ2,102)
WRITE(Z2,102)
IF{NCARD,AT .0 NRITE(3,118)JJ,(A(!).Inl.JJ)
GO ¥D B
7 CONYVINUE
8 READ(l.lOAJrEK(Il.R(I).Ial.NT)
€ EK IS (ENGINZ QPEED RPM) /1000
€ R IS ENGINFE TNR0OUE LKF FT
WRITE(2,118)
J=b



JJ=J+1d
CALL POLY ("0 yNY4+U,0)
WRITEL2,1(M) . )
WRITVE(2,196)(1,C(1),1=1,00)
IFCNCARD AT 0 WRITE(R,118)J0J,(C(1),1s1,0d)
WRIIE(2,10G48) )
IF{NPUMP )Y, 28,0
DO 23 Jsi.NT
FPUAPa2 MRl 1)
D0 24 !=2,5

24 FPUMPEFPUMP+PUMPIT I wEK{ J)ww(]=1)
RidiaR{Jd)=-FaUMp

23 CONYINUE

25 CONTINIE
D0 1% [=1,NT
T(liakil)
ROFIIEX(])

15 EX(I)=),

€ R NOW DENCTES (=NGINE SPEED RPM)/1000
€ T NOw DENOTES ENGINE TORQUE LRF FT

6 CONYINUE
8 READ(1,104) (SR}, AK(I),TR(I), 121 ,NK) .
€ SR=SPEED RATIO 9F TC AKmK=-FACTOR OF TC  TR=TORQUE RATIO OF T¢ ¢
LAST=8 _
LASLAST+1

DO 19 l=21,NT
. EX(I)=R(I)»10,/SQRT(T(-1))
C EXK DENOTES (ENGINE K=FACTNR)/100
10 CONTINUE
T OWRIVE(2,110)
CALL PIOLY (0,0,MT,LAST,0)
WRITE(2,111)
WRITE(2,1086)V(1,C(1),1=1,LA)
WRITE(2,108)
WRITE(2/114)
DG 11 Isti,N«
EN{T)=Ll(Y)
DO 12 Jm2,L4
12 ENCTIBEN(T)aC(J)a(AK(IY/1O0, Jaw{J=1)
EN(I)®EN(T1)Y:1000,
TCLOSSaD,
ET=(EN(I)/A¢{I})u»2=TCILOSS
EX(LIoSRIT)I«ENTIL) /1000, ’
€ EK IS NOW QUTPUT SPEED FRDM TOQRQUE CONVERTER DIVIDED BY 1000
’ RILImET#TR(T)
C R IS NOW OUTPUT TORQUE FROM TORQUE CONVERTER  LBF FT
PIN=2,3, 14159265*EN(I)*ET/33000
POUTH2 #3 11159265+EK{1)%R(1)/33,



11

14
Q
EX

13

100 FORMAT(30OX42HENGINE AND TORQUE CONVERTER CWARACTERISTIC//)

101
102
103
104

105 FLGMAT(1H11ﬁ!20HPOLVNOHIAL CURVE FIT/5!73H(TC NUTPUT TORQUE LBF FT.
11=y SGAINST ({TC NUTPUT SPEFD(RFV/MIN))/1000,=!//)

156
107
108

PDIFFeRIN-PAUT
WRITE(2,115)EN(]),SRII)PIN.POUT,PDIFF
"CONTINUE

WRITE{2.105)

J=8

Ju=J+i

CALL POLY (0,0 eNKyJs0)

WRITE(2,109)

MRITEL2,108 01,01y, 1=t , 00

" IF(NCARD,GT.0) WRITE(Z,118)JJ,(C(1),I=t, 0

D0 14 I=1,Nk¢

RUI)sEN(IN/1000,

IS NOW (ENGINE RPM) /1000

IS STILL TC (OUTPUT SPEED REV/MIN)/1000
WRITELZ 112

J=6

JJEJ+1

CALL POLY ( 1y yNK,J,0C)

WRITEL(2,113)

WFI|=‘2|106i(1aC'I)lI=lfJJ\
IFI{NCARD,. AT .0) WRITE!(3,118)JJ,(C(L),Imt,Jd)

 READ(1,107)J

TF(JY13,13,0

WRITE(2,108) '
GO TO (14+2,%:,84,7,8,6.,9),.)
CONTINYE

STQP

FORMAT(BOM

t ’ )
FORMAT({1HG)

FURMAT(410)
FORMAT(1B0FN,0)

FURWAT(4(13 2Y,GL16,.10,2X))
FORMATIIZ2)
FCRMAT(1HY)

1049 FURWAT(]OQHlPDLYNOMIAL CﬂEFFIClENTS G!VING TC 0UT°UT TORQUE LBF FT

tid

112 FORMAT(IHI10X20HPOLYNOMIAL CURVE FIT/S5X56H{ (ENGINE RPM)/1000)BY

1 AS A FUNCTION OF (TC QUTPUY SPEED (REV/MIN))/1000 ARE/)
112 FORMAT({HOISX20HPOLYNOMIAL CURVE FIT/S5XSQM((ENGINE SPEED)/!OOO}:Y

1 AGAINST (tENGINE K=FACTOR)/1Z0)aX//)

FURMAT(9240POLYNOMTIAL COEFFICIENTS GIVING (ENGINE RPM)/1000 AS A F

tUNCTTION OF (ENGINE K«FACTOR) /120 ARE/)

FGAINST (T2 QUTPUT RPM)I/Z10001mX//)

A

113 FORMAT(9IHO20LYNOMIAL COEFFICIENTS GIVING {ENGINE RPM)ISOOO AS A F

TUNCTION OF (TC OUTPUT RPM) /1000 ARE/)

34%
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114 FURMATI(20H =NGINE- SPFFD RPM 14HTC SPEED RATINGX{3IHHNRSEPOWER IN?Y
1 X1AHHOASERDAER (UTBY23HHORSEPNWER LNSS FROM TE/)

115 FORMAT(BI2X.G12.6,6X1))

118 FORMATIIHOL Y X2CHPNLYNOMIAL CURVE FIT/SXB{HIENGINE TOROUE LBF FT\BY
1  AGAINST (ENGINE SPEED RPM)}/1000)=X//)

117 FORMAT{B6H0ODP0OLYNOMIAL COEFFICIENTS GIVING ENGINE TORQUE 4SS A FUNCT

) 1IAN OF (ENGINE SPEED)/1000 ARE/)

118 FORMAT(I2/4(F16.10,2X))

EVD

END OF SEGMENT, LENGTH 934, NAME BO71
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SE R

Alloysnce for engine inertia

By using the results of the match study outlined in Appendix
Fl 4in the calculation of the performance of antomatic transmissioned
vehicles, some procedure for allowing for the mlsmatch caused by
the accelerating engine must be devised. The use of polyromials
to describe the match makes this ad justzment relatively siuple.

Before studying the'problemf in detall, it waus considered
advisgable to simulate a change in the match between an accelerating
engine and & torque conﬁe:l:'ter. Thts ;raa.ach:.l.er;red by using program
BO71 ip the normal way using the normal steady state torque curve
of the engine and then by repeating the run with 10 1bf £t sub=
tracted from the engine torque curve. The resulting torque converter
output torque curves are shown as Fig. Fi.l and the engine speed |
against ocutput shaft speed curves as Fig. Fi4.2. '

A polint corresponding to a particular spsed ratio moves down
and to the left as a result of the decrease in engins torque.
Appendix F2 shows that the percentage change in output speed in

Flg. P4.l 15 half the percentage change in ocutput torque. That is

that
A% - 4T,
NOI-O 2.1‘

O
I=0 — P4l
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Also, considering the shift of a particular point in Fig.
F/4.2, the percentsge change in engine speed must emal the per-
centage change in output speed because the speed ratio is constant.
A study of Figs. Fi.l and P4.2 shows these relationsghips to be
true, '

In order to consider in detail the change in ocutput torqus

resulting from a decrease in engine torque, Fig. Fi.3 i1s shown,
This ia a "close-up” of a portion of Fig. F4.l. Consider an
accelerating vehicle at a particular vehicle speed V. If the
engine has gero inertia, then match point A is applicable, and the
torque converter output shaft speed is NOI < o. Since however,
a real engine has inertia, the match lino shifts. The new point
corresponding to the same torque converter output shaft speed ie
marked in Fig. F4.3 as point C. A study of Fig. F4.3 shows that
the output torque from the converter is now

T - T -AT - AT e Fle2

To ip the staddy running torque output
A

ATOI

D To ie the change in torque due to mis-matching
M

is the change in torque due to 1ner't;1a

Row, T
°

it can bes ghown that

ie known from the steady state matching study and



352

AT , . - :
°7 - function (1) {vehicle acceleration (£)) and that

at, = function (dTOI) = function(g) (f)

The full dérivdtion of these three functions is given in

Appendix F3.
It follows, therefore, that a relatlonship exists bstween

the known steady running output torque T o » the actual output °
A
torque T, and the acceleration of the véhicle (f).
c )
Appendix F3 shows this relationship to be

(2, -% )T | . ‘
£ = A C I L z e P43
i?o - 2)‘1‘0,.510 . I, x %_B_fﬁg z-DAR x R
‘ —
(° 3% 3 ( 2%)

Applying .Newton's secornd lew to the accelerating vehicle &s
a whole produces the relationship

£ = TochARxGRx% - Fd Y
x mog.
r, Bg

vhers the equivalent mass of the vehfiole is given by



- H, 1‘, 1. prop. shaft inertia =x (mn)
wE 8 (r) (rr)

2
+ ?Tit.urbine ipertia x Ecarx DAR ; elug — Fhe§
r

Bquating relationships F4.3 and Fi.4 apd re-arranging produces

Toq . TEg [Fd (pmz % Ge)]
= [0 'G%)’ %’] (L. ‘/w\ *‘r

[
‘?T (DHQ :IG'Q) E_:,-r.-o \N
5 R G R

the expression

- ---Fbb

Every torm on the right hand side of this exprossion 1o either

specified or calculeble. Having obtaipsd T, » the vehicle
()
acceleration (£) may be determined using equation F4.4 and hence

the performance of the wehicle,

The term (DAR x Gﬂ/rr) in oxpreasion F4.6 ghould be noted.
This is a very common grouping in vehicle performance work.

An epalysis of expression F4.6 shows that if the engine inertio
and/or the enzine acceleration is set at zero, the cutput torque
from the torque converter is the steady state ocutput torque, as
onc would expect. Also, if the slops of the cutput torque curve
is sero, as it may be near the coupling point, a‘rom = 0 and there

is no mig-match,
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It followd, therafors, that given the result of a matching
atudy between engine and torque converter, the performance of the
vehicle may be calculated directly and in a straight forward |
manner without resort to iteration. This has been made possible
because the match is fully described mathemat.icall,f.

It is possible to proceed further and calculate the speed
of the accelerating engine at a particular vehicle speed v’.

Sinece T,  is now known, the vehicle acceleration (£) is knoun,

C

4 ‘1’o is known anxd the percentage chzange m output torque
) ¢ . .
{a‘l‘o /T, ) is known, Now the output shaft speed is related
I

I1=~-0)

to the engine speed for a particular point on the torque converter
charaateristios; that is for a particuler speed ratio, as follows

N =5R x
% =0 HEI =0
and N,' = SR x

h

The value of SR being common to both, It follows, therefors,

that '

al, = Bxal e P47

and using equation F4.1, that

Al = ol =z ATy —— F4.8
°I ~ 0 om



This means that the percentage change in engine specd of a
particular point in Fig. F4.2 as a result of 2 drop in englne
torque output equals the percentage change in output shaft speed.

" Fig. P4.2 chows thie very clearly. At high output choft speeds,
when the speed ratio approachea unity, the two curves merge into
ons with a slope of 45% Actual values taken i‘r-om Fig. Fi.2
confirm also that the perccntage change is the game for both
cogine speed and output shaft ppeed.

Fig. F4.4 is a close-up of a portion of Fig. F4.2. The englne
speed corrssponding to a particular output shaft specd (Ny) with

an enzine havipg no inertia is %nown (point 4). It is required
therafore, to find tho engine speed corresponding to output shaft
_ apeed (No) vhen the engine inertia is not zero {point C).

This 1s glven by

o = Mo ; 1- 2% ;'4- af, = ( Mgy e F4.9
NEI - o) { hno
foy

~ where the slope term is the slope of the lower curve at point B.
Appendix F/ shows that the slope of the upper curve at A is
the same as that of the lowor curve at B, Using this and equation

F4.8 produces
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Again, every term on the right hand side is known and eo
the speed of an accelerating engine is calculable,

The assumption likely to cause the largest error in the
caleulation of the cutput torque is the use of ( SBg/ §B,)

at point B, rether than at point C. Appendix F3 shows that this
assumption causes an arror in the time up to 90 mile/h.'of &
vehicle of less than 0.04%, a negligible smount, Hevertheless,
the error is calculated at the end of a step length and the next
gtep length calculations are modified accordingly. The final error
therefore, 15 likely to be very small irpdeed.

Thie section therefore lays down a rational theory to enable
the output shaft torque, the vehicle acceleration, the engine speed
and acceleration and hence the performance of the wehicle to be

calculated in a straightforvard manner,
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SECTION F5
orfo ce - Antomat abBsnigsl :

Listed below is the digital computer program (B0S8) designed
to calculaete the performance of a vehicle having an automatio
tranamiésion. The program accepts the results of the previous
match study betwesn engine and torque converter (BO71) and the
vehicle design paramcters, such as welght, position of the centre
of gravity, vheel sizes, gear ratlos etc. Unlike the mamal
transmisaion programs (BOOLl and BO33), the gear change speeds are
read in as independent wvariables.

The layout of the main program is similar to BOOl, fThe ipput
data is printed out for reference. From statement mnmber 32 to
tho STOF card, the maximum horsepower in the torque converter out- -
put shaft, the speed at which it @ccurs and the maximnm speed of
thes vehicle are evaluated in a manner similar to BOOl,

Statement mmber 29+ 1 down to statement mmber 53+ 5 gtores
the coefficients of two fourth order polynomiale describing the
torque absorbed by the fluid pumps, Storage spaces FUMP (1) to
FOMP (5) are ascribed to the rear pump, PUMP (6) to FUMP (10) to
the front pump. To delete the rear pump, read H PUMP as sero.

The subroutine used to evaluate the time to speed integral

v’.
t o= i, av
/1

"
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45 called T I M A and 15 describsd as follows.

After setting up the initianl values of the variable quantities,
the step length (DV) 4s chosen such that there are at least 25 '
eteps in the :.utegz-étionf The main DO LOOP down to statement
mmber 3 evaluates the -vgehicle acceleration at each step. DO LGOP
down to statement mumber 4 and then down to statement number 5
arranges the gear changes at the specified speeds. From there down
to statement mmber 945 the theory described in Section F4 is
applied. The DO LOOP down to statement mumber 26 calculates the
error in using (§W§No)3 instead of ()NE/ano)c as described
in Section F4, This error 1s stored and applied as a correction
during the calculation of the next step length,.

From there down to the end of the subroutino the calculations
are similar to those in subroutine T I M E (BOOl), The test applied
for wheel spin is identical and follows the theory laid down in
Part B,

There ia one important difference in that the theory of take-off
with an asutomatic transmission is more simple than for a mamal
transmission. It i1s assumed that a test driver places one foot on
the throttle pedal and the other on the brake pedal before a test.
At the instent of time t = O, he tokes his foot off the brake. Hence
there is no transition after t = 0. The engine 15 already at its
stall speed and is already connected to the transmission through

torque converter. There is no clutch engagement to worry about.



Table F5.1 gives a typical ocutput from program BO58. It
represents the calculated performance of Vehicle B fitted with a
225K. torque converter. The results of the matching study example
in Section F3 were used. The laycut of the time to speed table is
very similar to that of BOCl except that the engins speed is now
listed, since it is not tied directly to wehicle speed,

Rote that the performance of the eutomatic version of Vehlcle B
is bstter than the mamal version up to about 25 mile/h, and that
thereafter it is poorer (see Table Bl2,2), The calculated maxirmm
speed of the eutomatic version is lower, as one would expect. The
gearbox sesumed fitted to Vehicle B was the Borg-Warner 35,

Fig, F5.1 is a plot of the engine speed against time information
given in Table F5.1. This shows the engine acceleration at take-off
to bo lov rising quite rapidly to a near congstant value in first
gear. This noar constant engine acceleration touards the end of the
first geor phase is the highest level of engine acceleration reached
during the performance run, and is approxmately 50 rad/s® for
Vehlole B, Assuming an engine inertia of 0.15 slug £t3, this
représents an inertia torque of 7,5 1bf ft, or some 73 of maxirmum
engino torque, This supporte the use of the aspumptions in the
mathematical procedure developed for dealing with engine inertia.

The sccond gear engine ecceleration is lower and virtually
constant, The top gear engine acceleration decreases as the wehir

approaches its maximum speed.
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36/
PORTRAN COMPILATIAN BY dXFAS MK {C DATE. 14/08/68 TIME 13/23/54

*FORTRAN BO58, G.G.LUCAS
NG TRACE
MASTER 8058
ODIMENSION ET(10),ES(10),TCT(10},sX(10),6CS{10),PUMP(10)
COMMON ET.E§,TCT,X,8CT,DAR,RR,AD,BD,AK , WV W, AIW,ATE,KA,A,BR,K,XK,NG
1.NES.NTCT,NE}-PI.vas,Gcs.Tz.PUMP.Dl.02.03704.55
PI123.14150285359
20 CONVINUE
16 CONTINUE
J=25
WRITE(2,100)
READ(1,101)
WRITE(2,101)
WRITE(2,102)
READ(1,103)NET
2 READ(1,104)(ET(1),1my, NETI.VBS:AIE
WRITE(2,108)
WRITE(2,128)(ET(I),1=1,NET)
WRITE(2,129)
WRITE(2,107)VBS,ALE
WRITE(2,129)
IF(J=2)26,25,0
3 READ(1,103)NES
4 READ(1,108)(ES(I),1at,NES)
WRITE(2,108)
WRIVE(2,128)(FES(I),1u1,NES)
WRITE(2,128)
IF(J=4)26,2%,0
5 READ(1,103)yTCY
6 READ(!;IOQ){TCT(I).I-lsNTCT}
WRITE(2,109)
NRI:E(?,IESI{TCT(I).Isl.NTCT)
WRITE(2,129)
IF{J=6126,26,0
9 CONYINYE
7 READ{1,103)NG/NPUMP
10 CONTINUE
8 READ(1,104)tx(1}),1al,NG)
WRITE(2,110)0(X{1),In1,NG)
WRITE(2,129)
IF(J=8)26,25,0
READ(1,104)(GCS{I),Ia1,NG=1)
WRITE(2,111)(GCS(1) /12t ,NG=1)
WRITE(2,129)
IF(J=1D)26,26,0
11 READ(1,104)DAR,RR,AIW,PSI,TI
AIW=Al4+PSI#DAR®DAR
IFtJ=11)26,26,0
12 READ(1,104)4,4,B,H,KA
IF({J=12)26,26,0
13 READ(1,104)4D,BD,AK, XK
XKaXK/1000000,
IF(J=13128,26,0
14 READ(,104)5,CF,GCTY
IF{J=13)26,26,0

—



Al

15

- 27
28

28
29

5e
54
- 83

30

31

32

33

‘34

READ(1,{04)v1,V2,WV
[IFlu=15)26,26,27

CONTIHUYE

rJ’nuthG
WAETIE02,112)1D4k, ﬁﬂfllwolk
HRITE(Z2,130)71
WRITE(2,113)4, 4, Q:H
WRITE(2,114)AD,BD,4K,6, CF,GCT
WRITE(2,115)vi,v2, Wy
IF(KA)3,258,28
WRITE(2,516)

GO 10 28

WRITE(Z2, 117

CONTINUE

IF(NPUMP)Y(1,52,0

PUMP(11m=] 61595303
PUMP({2)m=_ §%3208837
PUMP(3 )z, 367206661

PUMP (4)8=_ 0563263932

PUMP(5)=,00373440272

GO 70 8%

D0 54 I=4,5

PUMP{ ] )=0,

CONTINUE

PUMP (8)s3 0Y241256

PUMP (7 )==-i,44482)8%
PUMP(8)m ,91972275
PUMP(Q )=~ 1738750627
PUMP{12)=m. 0110702084
CCuSQRT(1.=3%G)
CaBaCCeHwR

BuWmi ~C/CC/(A+B)
IF(G=BY*CF+5C)30,30.,0
WRITE(2,118)

CONTINUE

IF(KAYIL ,04.0.
CaBxll=Gw(H-RR)

IFCTCY (1 }wDAR®X (S ) =WRC)31,0,0
WRITE(2,119)

CONTINUE ,

CALL TIMA (TS,Vi,V2,G,CF)
WRITE(2,102)
WRITE(2,120)7S

J=0

ReES(1)

CONTINUE i - )
IF(R=-,5,6E,VBs/1000, .OR,R,LE.~, 1) GO TO 38
DTD=TCT(1) : '
DO 3% Tamz,NTCY
DYD=DTD+I«TET{1)*Ran({]=q)
IF(J=110,0,3%4
IFIDTD)34.0,0

R=R+ .8

J=i

GO TN 32

CONTINUE

IF(J=103)0,0,%5
iF(DTD)IC,0,35

Raf=-.05

J=10
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35

36

37

38

45

39
51

40

41

44

42

43

46

47

60 70 32

CONYINUE

IF(DTD)136,0,0

R=R+ _USb

J=1C0

GU TO 32

ODTD=TCT(1)

DO 37 (=m2.NTCY
DTD=DTO+TCY ({1 )aRun{myi)
DTD=2.«P12R«DTD/33,

RPM=R» {500, .
WRITE(2,12110TD,RPM

VMaQ

J=0

CONTINUE

OF sWa(AD+UMaBD )+ AK « VMR YM
RXBRR®# ({1 +X¢c+#{(VMaUM=900,)) -
OGR=PI#15_ «3X/660,./DAR/X(NG)
IF{VM=~11 =-VaS+0GR)45,0,0 '
GRAD=aVAS«DGR

WRITE(2,122)1GRAD

GO 7O 4¢
CONTINUE

343

TEF=a,98«( . 83788~, 0000875*UM)*I.96-.OOOSIG*VM-.OOOOO58*VM*VM)u

RsyM/0GR/1000,

T=TCT(1)

RPUMPBPUMP (1)

DD 39 I=m2,NTCT
T=T+TCT{1 ) uane{l=)

DN 51 1=2,5,
RPUMPaIPLMP+«PUMPL L) w(R/X(NG) Yae(]=])
T=T~RPUMP
TF2T#«X(NG)#TEF#DAR/RX
IFtJ=1)0,0,40 :
IF(TF=-DFY41.,0,0
VMEYM+1 0,

Jei

GO TO 38

CONY INUE
IF(OF~TF)42.4%,44
CONTINUE
IF(umM)45,0,44
VMsyYM+ {0,

GO 70O 38

VMaymM={ ,

Jaii

G0 TO 38

VMBeUM+ &

CONTINUE
WRITE(2,123)1VM
CONTINUE
VaRPM*JGR
GRADaV¥/V .
WRITE(2,124)GRAD
CONTINUE

J30

-READ(1,125) )

IFiJ)d48,48,n
WRITE{2,126)
WRITE(2,108)
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BN (1, 2,8,4,8,5,7.,8,9,171,110,12,13, 14,15.16) J
48 WAITE(2,127)
S$TOP

100 FURMAT(20%38KHG,6,LUCAS DEPT OF TRANSPORT TECHNOLOGY/2ox37uLoucuaon
10UGK UNIVERSITY OF TECHNOLOGY/IIIBXSQHVEHlCLE PERFORMANCE =~ AUTOMA
2TIC GEARBOX//) .

101 FORMAT(BON :

1 ‘ )

102 FORMAT(1KHO/ /) '

103 FORMAT(101D)

104 FORMAT(20FO_0)

105 FORMAT(1HH/EXTHNEW RUN//) ‘

106 FORMAT(88Y ZNGINE TORQUE LAF FT & POLY((ENGINE SPEED)/1000) COEF
IFICIENTS arz) _

107 FORMAT(34W WMAXIMUM ALLOWABLE FNGINE SPEED o FO.,1,9% REV/MIN/23H E
INGINE INERTIA SLUG SQFT = F8.47/)

108 FORMAT (884 ENGINE SPEED/1000 = POLY((TC OUTPUT SPEED)/1000) COEF
{FICIENTS ARz

109 FORMAT(734 TC OUTPUT TORQUE LBF FT = POLY{(TC OUTPUT SPEEN) /1000
1 COEFFICIENTS ARE)

110 FORMAT(16+ 3EAR RATYIOS ARE/1X8G617.8) -

111 FORMAT(42% SPECIFIED GEAR CHANGE SPEEDS (MILE/M) ARE/1¥5G17.56) :

112 FORMAT (20K DRIVE AXLE RATIO a F10.5,5Y24MROLLING RADIUS (FEET) = F
19.5/404 TNTAL ROAD WHEEL INERTIA (SLUG'SQFT) = FI10.5,8X21MTYRE GRO.
2WTH FACTOR =: F14,10/)

113 FORMAT(15% VEWICLE WYy LBFZOXBSHPOS!TIDN OF CENTRE OF GRAVITY (FEEY
1)/F12.1,25%X3F10,%/7/)

114 FORMAT{30W VEHICLE DRAG COEFF!CIENTS ARE3F10.5//19W. SPECIFIED GRAD
LIENT1OX23HCIEFFICIENT OF FRICTIONIOX22HGEAR CHANGE TIME (SEC)/3(F1
29.6,1214)/)

115 FORMAT(31+4 INITIAL TEST SPEED (MILE/H) s FQ.2/29H FINAL TEST SPEED
1 (MILE/H) = F10.2/23H WIND SPEED (MILE/K) = FQ.,2//)

116 FORMAT(30X23HFRONT WWEEL DRIVE VEHICLE//)

117 FORMAT(30X24HREAR WHEEL NDRIVE VEHWICLE//)

118 FORMAT(20X61H* « % YEHICLE MAY SLIP DOWNHILL WITH HANDBRAKE oNLv 8
1ET = w %//)

119 FORMAT(20¥44Hw » » VEHICLE MAY OVERTURN IN FIRST GEAR # & #//)

120 FORMAT(10x43HTIME TO SPEED ON SPECIFIED GRADIENT (SECONDS) = Fi2.4
1//)

121 FURMAT(374 MAXIMUM BHP FROM TORQUE CONVERTER ® Fit,3,34M AT TC ou
1TPUT SPEEN (REV/MIN) OF Ft2.2//7) : )

122 FORMAT(S3H ENGINE MAXIMUM SPEED LIMITS MAXIMUM VEWICLE SPEED TOF{0
1,2,84 MILE/H/Z)

123 FORMAT(34W JAXIMUM VENICILE SPEBD (MILE/H) s F10.2/}

124 FORMAT(264 NEGREE OF UNDERGEARING =. Fto S/) -

125 FORMAT(I2)

126 FORMAT(1H1)

127 FORMAT(10X13HEND OF CALCULATIONS)

128 FORMAT(1%5G17,9)

129 FORMAT(1HO) : a

130 FORMAT(30N TURBINE INERT!A SLUG SO.FT = F9.4/)

END . : - :

END OF SEGMENT, LENGTH 1045, NAME BO5S



SUBROUTINE TIMA (TS.V1,V2, GaCﬂ)

DIMENSION ET(%O);ES(!O).TCT(10);!(!0).GC5110) DS(&);AZ(B).PUMP(lO)
COMMON ET,EQ,TCT,X,GCT,DAR,RR,AD,BD,AK, WYTW,AYW,ATE,KA,A,B,H, XK, NG
1, NES/NTCT.NET.PL,VBS,GCS,T1.PUMP,DY, 02 D3,04,DB5
DATA DS(!!,DS{?) DSt
iS).DS(i).DS(B)/1320..1640 423,2640,,3280.846,5280,/,A2(1),42(2),A2
2(3);&2(4).A1(5)16H!/4 MILE,8KH1/2 KILO,8H1/2 MILE 8 { _ KILO,,8H |
IMILE/ ;

D=2,

NGEAR:I

NDISetl

AAL1=0,

F=0,

TSL=0,

DISFLsD,

Gy=y,

DISFaQ,

TSay,

CDEDRED,

GCSING)aV2x1.,2

V=i i

CC=SART(.-5%G)

BWECFw4/(A®R)

IF{KAID, 13,13

ABmB

HH=~H

GG T0 14

CONTINUE.

AB=A

HH=H

C:AB*CC*HH*& ;

WRITE(2,1001) .
.CONTINUE .

IF{(V2=NV1)/nVa25,)0,1,1

DvepvV/2,

GO YO0 2

CONTINUE :

KVs(V2=V1{1/DUey,

DO 3 KKmi,Ky .

RXSKRw{1,+X(*(VHV=Q00,))

VWV=ABS(V+WY)

ODF 2l (G+AD+V*BD ) +AK S (VWY ) VWY

AN=(Q,

GReX(1)

DO 4 J=a2,NG

IF{V.GE,GLCS( 1= l).AND V.LT.GCStI)) GReX(1)
CONTINUE o J
IF{GY)J,5,0

IFIGY=-5R)}0O,8,0

AN=GCT )

NGEARBNGEAR+

ARITE(2,101)1GR,GY .

GY=GR

TYI=DARwGR/RX

OGR=Plw15 /860./TY2

IF(y~ GCS(1)30:24:24

AI:MF~

GO VO 23

CONTINUE



22
23

25

20
17

18

21

26

10

00 22 1=2.,Nn

[FIV. GE.GCS{I=1),AND,V . LT.GCS(1)) AIBNG 1
CONTINUE

CONTINUE.
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TEF= . 98+(.93=,000318+V=_000005384V+V)r{ 99788#(1.-.007#AY)~, 0000879

1aVa2 GBewAl)

EMal/32, 2¢AIN/RR/RR¢TItTEF*(GFtDARIRI)tta
=V/0GR/1000.,

T=TCT(1)

ODTCDR=D,

RPUMPEPUMP{ Y )

1F(R)Y0.0,25

ODTCORaTLCT( 2

GO 70 17

CONTINUE

DO 6 1m2,NTEY

DTCORaDTLOR+{ 1= 1)tTCT(I)thi(l-2)

T2T+TCT (1 )aRua{][=]l)

DO 20 I=m2,5

RPUMPﬂRPUMP+PUMP{[)*(RlGR)tt(l 1)

CONTINYE

T=T-RPUMP . . -

ERmES(L ) =

" DERDR=D,

IF{R)L,0,18

DERDRBES(2)

GO 70 19

CONTINUE

00 7 la2,NEeg

DERDRaDEROR+(1=1 )#ES{[)#R*e(]1=-2)
ERSER+ES{ I )«Rwa([=1)

CONTINUE

IF(ER~ UBS/!nOO.)a.B.O
WRITE(2,102)VBS,V,TS

G0 TO 15

CONTINUE

FPUMPaPUMP(4)

DO 21 I=a?,10
FPUMP!FPUMPéPUMP(l)iERtt(1-6)
TE=ET(1)

DO ¢ I=a2,NET -
TERTE+ET(])wERAw(]=1)
TEaTE=FPUMP _
TI=AJE«(DERDRGCDEDR)I/TE
TQa~-DTLORAR/2 . +7
TAn(T/TQ+0F«TVZ*TZ/EMl/(TZtTEF*TYI*TYZIEM*l./To)
TA=(1, +DF*TVZ*TZ/EM)I(YZiTEF*TYiiTYZ/EM+1 /1)
DNs{T=YB)/2./T7

ERmERe{1 . -DN)+DERDReRwDN
DNDXnES(2) .

03 26 1=3,NES

ONDXaDNOX+( 1wt JXES{I )% (R4 {1, +DN) ) 2w (]~ 2}
CDEDR=DNDX=NERDR

T=TA

TF:ItTEFiTvr

PFeTF=DF

IF(PF1D,0,10

WRITE(2,103)Ts

RETURN

CONTINUE




-t ‘f . : - . 167

FeEPF/EM
TFFeBWe (C+Hu*F/32.2)
FMAL=(AWwn [ ARWCCH+HKERG ) =DF+W/2 , « {AD+VBDY)/{W/32,.2481W/2./RR/RR~BW*M
14/32.2) '
IF{F=-F¥MaXI11,11,0
WRITE(2,104)
F=FMAX
PFaF+EM
TFaPF+)F
11 CONTINUE
AA2=(AAL+DVe22, /183, /F) /12,
IFtV=-V1)12,12:0
. TSaiS+AA2+AN -
12 CONTINUE
AAL=DV#22. /15, /P
VSeVe22 /15,
ERRER*{000,
RFel ,/F
IF{Ve=v1)0,27,0 _ '
. DISFaDISF+(u=DV/2,)022, /15 »(AA2+AN)
27 CONTINUE
IFINDIS=-6)0,158,15
IFIDISF=DS(NDIS))ILS8,0,0
DD=(DISF=DS(NDIS))/(DISF~DISFL)
TS0=TS=D0*{1S~-TSL)
VOev=DD*DV
WRITEL2,107) . . : . )
HRIzE(2.1u6)AZ(NDIS).VD.TSD ' L
WRIVE(2.,10)
NDISaNDIS«|
15 CONTINUE
DISFL=)ISF
TSL=TS
WRITE(2,105)V, F:RF:VS:DF:NGEAR:TS:DISF.TF-PF.ER
3 Vay+DV
186 CONTINUE
RETURN
100 FORMAT(!HL/!3OX46H* #« « TABLE OF TIME TO SPEED CALCULATION = » &//
ft13H SPEED ACCEL {/7ACCEL SPEED DRAG GEAR TIME-
201ISTANCE TRACT, AND PROPUL, FORCE ENGINE SPEED/91M MPWH PRTY/

1

ISEC2 SEC2/f8T FT/SEC LBF. NO ., SEC FEETY Le -
4F : LBFI3XTHREV/MIN/) '
101 FORMAT({HQ20X23H* » » GEAR CHANGE # % w1OX{GHRATIO IS NOW F10.4,14

13K IT was F10.4/)

102 FORMAT({HO1IOX3IHENGINE SPEED ABOVE MAXIMUM. OF P9,{,9W REV/MIN/SY .
123HVERICLE SPEED MILE/H = F9,2,10Y¥15HTIME SO FAR IS F10,3,3HSEC/)
103 FORMAT(IHO/25X22HSET SPEED UNOBTAINABLE//SX20WTIME SO FAR SEC = :
-1F12.3/)
104 FORMAT(1HM038X22H% % » WHEEL SPIN * ». w/) '
105 FORMAT(2F7.2,F11,.5,F8,2,F10.2,15,F10,3,2F11,.2,F13,2, FIB 1) )
106 FORMAT(10X,A8,21H MARK PASSED SPEED oF8,2,3{W MILE/H, TIME APF
1ROX., SEC =Fi10,2) ' :
107 FORMAT(1HO)
END

END OF SEGMENT, LENGTH 961, NAME - TIma
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SECPIOR E¢

dnvegtigation

The investigation into parametric changes with automatics 1s
not covered as extensively as with the mamual gearbox in Part C,
There wre tireo main reascns for this, The first io that many of
the conclusions of Part C «pply in broad outline to automatics also,
The second is that the torque converter introduces a new dimension
which extends the rangs of the parameters to be investigated quite
considerably, The tbird reason is that, since the theory outlined
in Sgetion P conteings a large proportion of new and original material )
it was felt that the emphsasis should be on the results of the theory.

The first point to be studied is the growing practice of deleti;zg
the rear fluid pump from the Borg-Warner 35 gearbox. This pump
supplies fluid to th®s control system within the gearbtox as a supple-
went to the front pump. The particular and special function of the
rear pump is Yo supply the control system when the engine is
stationary. Thus it is possible to "push-atart® a car fitted with
g Borg-Warner 35 having a rear pump, 4 useful facility vhen the
battery is flat or the starter system defective.

Repeating the performance calculations on Vehicle B, this time
with ths rear pump deleted results in Mg. F6.,1, This shows the



percentage gain in the time to opeed agalnst vehicle speed to

be less than 1§ for the important low speed end of the range

and a low psrcentage gain at the high speed end, Certainly it
ia difficult to justify the removal of the rear pump on performe
ance grounds, although doubtless it may be justified by economic
considerations. Some provision should be made for starting a

car in an energency and it should be noted that a starting handle °

i8 not always succesgful or desirable when used with on engine
having a torquoe converter.

The next investigation in this Section concerns a particular
engine, having the full throttle torque curve shown in Fig. F6.2,
fitted uvith several torque converters.

Torque converter G8/lA has a relatively high E-factor and a
low torque ratio at stall. Conversely, SS11 has a low E-factor
and a high torque ratio. It had been intended to use G7/1A as a

third torque converter aince it has a stall Kefactor about identical
to SS11 and a stall torque ratio about identical to G8/14. However,
it was considered more fruitful to use a composite torque converter
having the actual K-factor charactéristics of the SS11 and the torque
ratio characteristics of the G3/14, It may well be that 4t is not

poesible to mamfacturer such a torque converter, but the use of

this hybrid does enable certain conclusions to be drawn. The torqu

converter characteristics are shown in Fig, F6.3.

369



Matching each of the torque converters in turn to the engine
using program BO71 produces the steady running output torque curves
shown in Fig. F6.4, and the engine speed against output shaft
opeed curves of Fig. F6.5.

The latter set of curves confirms that the steady running
engine speed’ curve 18 linked to the torque converter K-factor and
is not affected by the torque ratio characteristic. The engine
speed for the composite torque convorter is identical to that of
the SS1l. A low stall K-factor resulting in a low engins speed at
stall. '

The engine ppeed curve for the G8/1A rises steadily up to the
coupling point after which it is nearly ptraight at & alope of 45°
approximately, The engine speed curve for the SS11 and the composite
torque converter remains almost constant until just before the
coupling point. It then steepens considerably to form the near
unity speed ratio after coupling., This "dwell® in the curve is a

direct result of a flat torque converter K-factor characteristic,

;flﬁ; > congtant
%

and hence N =n= constant at low vahes of torque converter speed

Becauge,

ratio.

170 |




Considering now the torque curves in Fig, F6.4., The curves
for the G8/1A and the SS11 are es expected. The high stall torque

of the SS11 and its low coupling speed are in evidence, The composite

torque converter however, shows that the ocutput torque is a function
of both torque ratio and E-factor. At low speed ratios, the torque
curve follows closely the G8/1A but, as the coupling point is
approached, it is seen to follow the SSl11 torque ciirve._ The
conclusion is therofore, that the stell torque is governed almost
excluaivély by the torque ratio but that at the coupling point, the
output torque is determined by the K-factor characteristic. Further-
more, the output speed at coupling is shown to be largely a function
of the K-factor charactaristic. This is shown by the small change
in cutput shaft specd at coupling between the SS11 and the compoaite
curves in Fig. F6e.4. .

The difference in the effects of tlha three torque converters
upon vehlcle performance is small. Table F6,1 summarises the results
of using the Vehicle performance program BO5S as a means of comparing
the performance of the threo torque converters. The vehicle weight
used was 2799 1bf, drive axle ratio 3:538 in conjunction with the
Borg-Warner 35 automatic gearbox having ratios 2.39, 1l.45 end 1,00.

This Table shows that ell three torque converters result in
wheel-;apin at takewoff, but that the S8Sll wheel-spin persists a

little longer than that of the other two, This is 2 direct result

32
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of the high torque ratio at stell. The coefficient of friction
betwsen tyre and road was teken as 1.0 in all three cases.

Torque converter G8/1A produces the best time to speed,
followed by the composite tbrque converter. The differences,
however, are quite emall. '

The engine aspeed with the composite is slightly different to
that with the S8,11, particulerly in regions of high engilne
acceleration, However, this difference is small. The engine speed
vith the G8/1A is higher, particularly at takeoff. '

A study of Table F6,1 in conjunction with Fig, 6.5 reveals
that the coupling point 1s reached at 19 mile/h. in first gear with
the composite torque converter and that the engino spsed is abave
the coupling point in second and top. Using SSll results in a
similar coupling point at 17 mile/h. in first gear only. With G8/1a
the vehicle speed at the coupling point is high at 25 mile/h. in
first, 42 mile/h. in second and 60 mile/h. in top. The efficiency
of the G8/1A therefore, is lowsr at the lower vchicle speeds than
the other two torque converters.

It must be appreclated that the performance criterion plays a
small part only in the choice of & torque converter. Considerations
of noise and of Yengine "fuseiness" are more important, Nevertheless

the performance calculations should be performed.
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The matching study theory is well known. Uaisg polynomial
curve fits in order to effect a zatch uith g digital computer Zoesg
zot detract frum ihe accuragy of a mctche It is now desirable
therefore, to study the accuracy of the new theory. This uses
the polynomial curve fits to calculate the effect of engine inortia
upon a match apd to make due allowance in vehicle performance
calculations. .The new theory makes two corrections. The first
is to deduct the ipertia torque from the engine torque and to
calculate its effect at the torque converter output shaft without
change in match, The second is to recognise that a drop ir engine
torque level must result in a change in the match betvesn enzins
and torque converter ard to correct accordingly.

The accuracy of these two corrections may be assessed individually
:.;a follows. First, by setting engine inertla I, = O causing no drop
in the steady state engine torque and no mis match. Hence the
asccuracy of the two corrections combined may be assessed. Seocondly,
by setting 3T,/ DB, = 0, thus assuming no mis match only.

Fig. F6.6 shows the calculated percentage change in time to
speed and engine speed of wehicle B fitted with a 225K torque
converter ag a result of setting the engine ipertia at zero. This
suggests an error of some 8% in the time up to the mid-speed range.
This error decreases considerably as maximum wehicle specd is
approached. The error in engine speed is about 2% at low speed

decreasing rapidly to a negligible error.



*y

Hence, making no allowance whatever for engine inertia and
taldng the steady state cutput torque from the match study without
modification, results in quite a small error in the time to speed,
The error is less than that incurred by an unrealistioc assumption
regarding transmission efficiency.

Setting the slope of the output torque curve at gero and
repeating the performance calculations results in Fig, F6.7. This
shows that making no allowance for the mlis match caused by the engine
inertia torque produces very little error in the time to speed. The
maximp error is only 0.2%,

Fig. F4.4 in Section Fj shows that the calculated engine speed
is lower 1f po allowance is made for the mis match., Fig. F6.7
suggests that this error ia 5% appx;oximately at the end of the first
gear range. The error Gecreases rapidly as vohicle speed increases.

S;.nce the nev theory mskes ample provision for both engine
inertla 1tself and the change in the match between engine and torque
converter caused by engins inertia, it may be used with confidence

for vehicle pérformance calculations,
' Finally, it should be menticned that no comparison between

" calculated and test performance has been made for five reasona.

1) few automatics are tested by tho semi-technical press.
2) part B, Appendix B8 shows dracrepancies in the tests
carried out by the geml-technical press.

374



3)

4)

5)

375

the Department of Transport Techmology, University of
Technology, Loughborough, has not yet developed the

instruzentation in order to carry out performance testd.

the automatic version of Vohicle B has been tested by one
of the Motoring magazines, btut it is apparent that the
take~off procedure ie different to the more obvicus
tochnique assumed in the theorys. That is of depressing
both throttle pedal and brake pedal and relsasing the

brake at t = 0. Hence, no real comparison is possible.

it must be confessed that the expression used for
transmission efficiency in the performance coieulations
of asutomatics 1s simply 98% of that used for mamal
trensmissions, The 98f has been inserted into the
expression in oxder to take some account of the higher

oil churning losses in the automatic gearbox. It has no
exparimental backing.

In the absenco of any experimental evidence, the essumptions

rogarding transmipeion efficlency seem reasonable, But Fig. F6.8,

a plot of time to speed of vehicle B assuming 1603 transmission

efficiency in comparison with the efificliency given above,

cmphasises the importance of transmission efficiency in these

calculations. The maximmm speed of Vehicle B assuming 100%



transmgsion efficiency is 101.5 mile/h. compared with 97,5 mile/h.
assuming 98% of the mamal transmission efficiency, The decrease
in tine to speed may be as much as 30%.

This, therefore, endorses the conclusion reached in connection
with mamal trapsmissiops, that research efforts must be channelled
into evolving a satisfactory expression for transmission efficiency

in order to inecrease the accuracy of performance calcuiations,
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Copclusions

1)

2)

3)

4)

5)

The match between an engine and a torque converter may be
described adequately using polynomials.

This metch atudy is best conducted separately from the meln

vehicle performance calculations.

Performance itself is a criterion in choosing a torque converter
for a particular engine, albeit, not a very important criterion.
Congiderations of noise and engine epeed are more impovtant,

The matching program BO7) is capable of ylelding engine speed
data. In this connection, it may be of advantage to repeat

the match study at differing throttle angles throughout the

engine loed range. This endorses conclusion (2) above.

The regults of the steady state matching study may be used
in vehicle performance calculetions in conjunction with the
theory developed to allow for engine inertias, The theory is
proved and is edequate. |

A full parametric study of vehicle performance is possible
with the minimum of computation. This is becauss a separate

vehicle performance program (BD58) 1s used which accepts t}



6)

results of s previcus match study between engips and
torque converter, The new theory avoids the nscessity of

repoating this match study.

Research is required in order to provide an accurate

expression for transmission efficiency.
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PART G

Future work and References




SECTION @,
Puture Work

a) Iransmigsion efficlency
It is thought that the greatest barrier to more accurate

vehicle perfornmance calculations is the lack of knowledge on
transmission efficiency. It is not surprising that this lack
exists because the efficlency of s transmission is difficult to
measure. Ons is faced with the meagurement of a small difference
. between large quantities,

The bssic expression used throughout this work looks reasonable,
but its foundations are shaky. It is shown in Section F6, Fig. F6.8,
that a small changs in the expression for transmission efficiency
has a marked effect on the calculated time-to-cpeed of a high
psrformance automatic transmissioned car. Fig. Gl.1l shows the
corresponding ocurves for the pamisl version of vehicle B, while
‘Figs. Gl.2 and Gl.3 show the curves for a low performance van
(vehicle A) and for a commercial vehicle (the Midland Red Coach),
respectively. Thege curves emphasize the importance of the nsed for
an accurate expression for transmission efficlency in wehicle perform-
ance calculations.

It 1s thought that separate expressions should bes sought for

gearboxes and drive-axles and that these should cover both motor

carg and commercial vehicles with, ard without, automatic transmissions.

350



Such expressions should be more than a simple function of speed
and gear mmber, as has been used throughout this work, It should

at least be of the form

, = (~(input speed, input torque, gear ratio
T T
and viscosity of the oil) w——— Glel

Until thic work has been done, it is not worth worrying too
mach about proving tasta. to establish the accuracy or otherwice
of the performance programs except in go far as the comparison
botweexi road tests and theory could be used to provide information
on the transmission efficiency. Embellishments to the computer

progrems to include the effecto of the change in the reaction forces

at the wheels due to asrodynamic 1lift and pitching moment or the
rofinements of Slibar and Dssoyer (55) cannot yet be conaldered.
Thel» inclusion would be meaningleas at this stage.

Some work hap been dons alresdy in 'tho Department of Transport
Technology, Loughborough Urdverpity to measue gearbox transmission
efficlency using a "four-square” or “backeto-back" rig (118). This
bas been hampered by the lack of accurab® torque mesasuring devices.
It is proposed to contimie this work and to extend the field to

cover other types of transmission,

3g!
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b) Vehicle instrumentatio

Work is to continue on the developzent of the two systemas
ezployed by the Department of Transport Technology, Loughborough
University of Technology. One is a 9fifth wheel® device of the
digital type., The other works on the Dobbler Radar principle and
congists of a small torch=like device which clips onto the front
of a vehicle and shinea obliquely down at the roaﬁ. The immediate
task is to use the deceleration test to dewelop the technique and
the data handling of these methods. The long term aim is to employ
these methods for measurement of vehicle speed during road tests,
particularly the difficult cordition of braking.
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o) Allgwance for Ambiest conditiong

Part ©C shows that wind sgpeed, amblent pressure and temperature
and uﬁdor bonpet temperature can have a signmificant effect on
vehicle performance., It is propcsed to use the veﬁielo performance
computer programs to dovn;lop a technique to correct the results of
vehicle parfc;rmance tests in much the same sort of way that engine
test-bed results are corrected for amblent conditions,. |

It i1s thought that this can bast be done by using the coaputer
programs dav.eloped in this thesis for a range of vehicle types,
rather than wholly by actual vahicia tests. This would awid
spurious results. The developed correction procedurea must, hovéver,
be subjected to practical test before they can be accepted,

S8imilarly, it is proposed to extend the work of Part B to
consider the efrect of ambdent conditions on the fuel consumption
of vehicles. It may be that this work cannot be complete before a
mathematical model is developed describing the aengine cheracteristics,




d) Engige

Work is in hand to dsvelop a data handling system for engine
teast bed work., This facility is in an advanced stage of develop=
ment and will afford engins torque, engine speed, alr flow rate and
fuel flov rote roadings on paper tape. This means thsrefcre, that
nany readings can be tsken and a digltal computer used to process
and plot out the engins characteristics.s It 4s hoped to use this
facility to investigate the effect of a small engine acceleration
on the torque output curve hy slowly running the engire up through
its speed runge and by logging torque and spesed continuously.

Also, it 4s hoped to study in more detall the effect of oll temp-
erature on ths torque cutput curve.

Effort st be directed to providing a mathematical model of
typical engins characteristics., It iz thought that this will prove
a very useful tool in the effect of parameters, such as engine sglge,
enginre type, engine modifications, ambient conditions etec, on
vehicle fusl consumption. Coupled with this, it 1o proposed to
study procedures for ths use of non~dimengsional parameters to
describe the engins,

Part E shows that reducing the aerodynamdc drag coefficient of
a vehicle can have a significant effect on fuel consumption and

points to the engine cooling gystem as an obvious and unwarranted
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gource o_f‘ drag. Attention must be paid therefore to a ducted
cooling system as a means to reduce or eliminate this drag,

Other work, which may not be conducted at Loughborough,
should be directed into devices to improve the characteristics
of gas turbine enginsa, since Part E shows that they have a future
with very large commercial vehicles which could be extended to
small vehicles.

Part E shows also that work should be directed to the developw
nent of a stratified charge engins, or to e quiet, light weight,
coupression ignition engine for use in motor cars.
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e) Dxag

There is evidence that a second order polynomial expression
may not be sufficient to describe the drag of & motor wehicle, It
is shown in Part B that it 1g ap approximation only to describe
the rolling resistance by a constant term or by an expression
linsar with vehicle wvelocity. Further, by treating the asrodynamio
drag a5 though it wcre all normal precgure drag, introduces some
small error. It is proposed to etudy other possible drag expressions,
aay, higher order polynomials, uuing the deceleration test and
vehicie instrunontetion developed at Loughborough,

Detailed wvork on rolling resistance 1s being conducted by the
tyre manufacturers and others. It is expected that this, vaing tyre
rigs such as that desoribed by Seld et al (95), will lead to the
need to define tuch more closely the term "rolling resistance”,.
Perhaps on the linss suggested by Slibar and Desoyer (55). The
nost presging aspect of thie work, from the point of view of wvehicle
. performance calculations, 1o the effact of torque transmission through
the tyre on the so-called rolling resistance, The tims ig approaching
when this must be included in any calculation techrique, particularly
for conditions other than tha "full throttle? condition,

An investigation should bo conducted into the Dunlop expression
for tyre growth. Using the Slibar ard Degoyer very fundapemtal

epproach, such abp expression becomes unnscesgary, It being replaced
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by the stiffneas coefficient etc. Section C3 shows the effect

of tyre growth to be very amall, but the dependence of ths Dunlop
formula on the datum specd of 30 mile/h appears arbitrary and
artificlal, This caused some small difficulties in Section C3

(aes Fige C3.2). Pogosbekov (68) shows that the change of the
rolling radius of a tyre with speed is inevitably tied up with

glip, For the oake of completensss therefore, this matter, together
vith the effect of torque transmigsion, should be reviewved.



£) Vehicle take-off

The mechanieﬁ of torque trat;smiaaion through a slipping clutch
during take-off, uhosl-spin and bill starte is mot fully urderstood.
Thie mat.m requires closer tu@' backed by experirental moasurements.
Such a atudy should yield a better techniqus for the calculat.ion of
vehicle performance during clutch slip, Houever, cuch a study is
desire;ble and opportuns in its own right bscmse the time ta}kan for
a vehicle to cover a short distance in the initial stages of a full
throttls acceleration run is likely to bascome an importand performance
porzmeter, Such a paramster io used by Setzs (78) and should increase
in prominance as traffic density increases and speed limits dearease.
The emphasic in this country secems to be moving quite raplily from
maxirun speed to "mippiness®,
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g) 0ff=th cle

This agpect of wehicle parformance calculations appears to
be too specialised for any general treatnent, Others (Recce,
Bekker otc) are conducting detailed studies imto the effect of
plastic ground on vehicle drag. It is proposed thsraefore, to keep
abreast of new work in thoe fiald and, possibly, to seek to invegt
igate the performance of a particular type or class of wehicle
under contract.
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h) Effegt of trangienta on fuel copgnmptign

The prediction of steady-gtate fuel consumption ip reasonably
clear and straightforward, Some work io required to facilitate
parametric gtudies (ses Sub~gection d) above). The problen now
arises on howv to use the steady-stats fuel consuaption to give the
fuel consumption returnsd by a Particular driver over a perticular
route. This could be achieved approximately by using the "centre
of oparation® technique adgocatsd by Dr. Giles (&), but it is
thought that a much closer inmdividusl study should first be made
into effacts of the fuel injeotion/carturation system, driver
technique, terrain and vehicle woalght. 8eoction BS5 sugyests that
this latter point, vehicle weight, may have considerable effesct
and, thsrefore, should not be ignored,
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4) Automatics

Since the developuent of hydrostatic tranamission systems
vill contime end may soon become a reality, work should commence
on olassifying the types of hydrostatic systems and on designing
suitable vehicle parformance calculating techniques. It is expected
that cuch techniques will employ the works of Macmillan (92), Ott
(42), White and Christie (86), Ishihara and Emori (85) and Mecmillan
and Davies (91). |

The techmique of torque converter design cutlined in this thesis
and published elgevhere (44) may be improved by reference to the
regults of rig tests. It is thought that sore attempt should be
made to base dosign calculations on a realistic three dimensional
flov through the torque converter, rdther than essuming a "mean path®
flou,

Algo, on the subject of torque converters, work is required on
the study of the "over-run® condition, when the vehicle drives the
engine through the torque converter, A4s far as 15 known, no attempt
is mado to predict the bshavicup of ths torque converter in this
condition. THe terque converter desipgn is modified if it 1s found
unsultable in the over-run condition during dsvelopment, A realigtic
theory, which could be an extensior of the work of Lucas and Rayner
(44)s would enable a better optimisstion of the torqus converter
design to be made at the design stage, Experience has shown that
to attempt to avoid this condltion, ty providing a frec-wheel betwsen
engine and transmigsion whick "locks-up® on over-run, dces not afford
a satisfactory solution. The large change in enzine speed between the
over-run and the subsequent normal drive conditicn is generally

unacceptable,
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APFERDIX X

Folynoodal Cupve Fit (BO79)
The program 1ligted below uses the ®method of least squares® to fit

a curve, first of order 1 and successively increasing the order by

1, until a curve of theo specified order is fitted to the data

supplied.

The specified order must not exceed 15 and should rpot

oexceed 10 if any of the data is cutside the range .0l to 100,

This 45 because accuracy is impaired if large or small mmbers

aere raised to high powers.

Inpat data

Card I in free fixed point format ISW2, ISW3, NCASES

ISW2  set at 1 if the polyromial coofficlents for each of the
orders fitted up to and including the specified order
are to be printed. If the coofficients of tho gpecified
order only are required, set ISHW2 = O

IsSW3 sot at 1 if the table of obgerved versus calculated
values are required for each order up to and including
tho specified order., Setting ISW3 = 0 produces the
table for the specified order only.

NCASES Bumber of separate sets of data to which curves are to
be fitted.

Card 2 Heading card, omit column 1.

Anything contained on Card 2 will be printed ocut as a
title 4n the cutput.



Card 3 Fres fixed point format N, LAST,
K is the mnber of data points,
LAST 48 the specified order

Card 4 Free floating point format

Il, Il’ 12, Iz, 33, 23' xb !{. gtc. up to XH, Yﬂ
If RCASES is greater than 1, repeat fron Card 2.

" Qutpug (on line printer)

After the hsading, the polgynomial coefficlents are printed
in BE-format to 9 signmificant figures. This 18 followed by & Table
containing the read-in X-valuea (indepenient variable), the read-in
Y-values (dependent variable), the calculated Y-values using the
fitted polynomisl and finally the differecnce betwesn tho calculated
and the read-in Y-values.



&

it

4

|

4

1}

FORTRAN COMPILATIAN BY H#YFAS MK 1L DATE

*FORTRAN BOT9, O.G6,.LUCAS CURVE FIT
MASTER BO79 :
DIMENSION Xr100),Y(100),CNFL16)
COMMON X, Y,enF A
READ(1,101)1SW2,ISWI,NCASES
DO | 1CaSEwy,NCASES
WRITE(2,100)

READ{(1,102)

WRITE(2,102)

WRITE(2,103)

READ(S, 101 )NV, LAST

READ(1,104¢X(}), Y1), 1=i,N)

CALL PDLY (1SW2,1SW3,N,LAST,0)
1 CONTINUE

STOP

26/01 /68

100 FORMAT(1HIA45X20HPOLYNOMIAL, CURVE FI1T//)

101 FORMATI{BIC)
102 FORMAT(BOMW
1 )
103 FORMATY(1KOD//)
104 FORMAT(200F0D.0)
END

END OF SEGMENT, LENGTH 95, NAME B079

TIME

t9/48/54
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SUBROUTINE 20OLY (1SH2, TSWS, N, AST1IP)
DIMENSION X0100),YU100),COFTLA),A{17,17),SUMXIS{),SUMY (1Y)
‘- COMMONY, Y, 0nF

70 SUMK(])wQ,

SUMX(2)1w(,
SUMY (Y )a(,
SUMY (1 )mQ,
SUMY(2)e(,
0o 90 Iwi N
CY¥mX(1)
CyzyY(l)

w SUMX(f)=SUMY (1 }+1,
SUMX(2)8SUMY([2)+CX
SUMX (3 )aSuMY (3 )+ CXxCYX
SUMY (1 )aSUMY{1}+CY .

Q90 SUMY(2)aSUMy{2)elXnlY
NCORDm1
af LENORD+
KKzl +1
on 101 I=1,y
D0 100 Jmi, L.
IKeJ={+1 '

100 A(T,JymSUMY T Iw)

- 101 A(],KK)BSUMY (1)

0O 140 tei,
A(KK, 1 )=y,
KKK=T+1

DO 110 JakKe,wK

110 A(KK,J)®0,

§ - Cafi. /a1,

1 DO 120 Il1m2,KK

' DO 120 JskKe,KK

120 A(IT,U)ma(It, J)=AC 1, J)wA(TIL,])eC
00 140 tleg,L
D0 140 JniKi, KK

] 140 ACIT,J)mA(T1+1,4)

$2=0,
DO 160 usi,\
| e Yd=Y(J)
: YJax{J)
S1=a0,
-« SisS1+h({],¥¢)
D0 150 I={,vyORD
1850 S1=S1+A(I+1 KK )eXJuw]
- 180 S2282+{St1=y ))wa?
S2=2SQaTi(s2/v) :
IF (ISW2) 183,161,118

- 161 IF (NORD=LASTY) 171,163,174

163 WRITE(2,1029)N0RD,S2
WRITE(2,109))

«

[ §

)

«

(]

i«

{t

.. 00 164 Imy,L
NERES
COF(l)aA(],xK)
. 164 WRITE(2,10370)J,48(],<K)

IF (1843) 155,165,187
185 IF (NORD«IL.LAST) 171,167,171

L 187 WRITE(2,1100)
DN 169 I=y,v
S1=x(,

-

-



f

i |

o

|

StaA(],¥k)
DO 168 Jmi

168 Si1aSt+A(J+t . KK)w)X(])ewy

$3=Y(1)=-S1

, NORD

189 WRITE(2,1040)X(1),Y(I),51,83

IF {NORD-LAST)

171 NORDsNJRD4+{

J=2«NORD
SUMX(J}=0.

SUMX (Je¢])=0.
SUMY (NDRD+1 =0,
Do 172 I=t,N

CxaX(1)
Cyavy(l)

171,173

1173

SUMX( J)asSUMY{J)+CY¥aa{J=yi)
SUMX(Je1 )eSUMY(J+t )+ uun)

172 SUMY(NDORD+{ 12SUMY(NDORD#4 )+CY*EX*~NORD

GO 7O oi
173 CONTINUE

1020 FORMAT(10X8d4ORDER = [3,5X25HRO0OT MEAN SQUARE ERROR w Bil2.8/)
1090 FORMAT(1¥3HNO,10X11HCOEFFICIENT)

1030 FORMAT(13,

1100 FORMAT (11X{HXIIXIMYIBXSHYCALCIOXSHERROR)
1040 FORMAT (1X4r20,8)

RETURN
END

END OF SEGMENT,

£F23.9)

LENGTH

801,

NAME

POLY



Evaluation of a Folynomiel (BO54)

The progran listed below accepts a set of polynomial coefficients

and evaluates the polynomial furction between two values of the

independent variable in specified steps.

Ipput data
Card 1.

Card 2

Card 3

Card 4

Card 5

Beading card, omit column 1. )
Any dsta on card 1 (except column 1) will be printed

out ap a title,

Free fixed point format HC, NP

NC is tho mimber of polynomial coefficients (i.e.
polynomial order mumber plus 1)

NP 18 the mumber of points to be evaluated,

Freo floating point format STEP, XNIT.-

STEP is theo step length between the value of the
independent voriable at each evaluation.

XNIT is the initial value of the independent variable.

Free floating point format
The polynomial coefficients starting wvith the constant
coefficient.

If program is to be used again immediately wvith fresh
data, put a positive or negative integer in cdlumns
1 and 2, If evaluation is to end, leave Card 5 blank,



YA

FORT2AN COMPILATION BY #XFAS MK 4D . DATE 21/01/69 TIME 13,23/%8

*FORTRAN B0S4, G.G,LUCAS EVALUATION OF A POLYNOMTAL
MASTER ROS4
DIMENSION C(11)
1 CONTINUYE
WRITE(Z2.400>
100 FORMAT(10X37HEVALUATION OF A POLYNOMIAL EXDRESSION//)
READCY,109)
WRITEC2,109)
WRITR(2,110)
READCY,104)INC,NP
101 FORMAT(STO) :
C NC 1S NUMBER OF COEFFICIENTS (ORDBR + 1), NP IS8 NUMBER OF POINTS P
READ(Y,102)STEBP,XNIT
102 cORMAT(11F70.0)
€ SYEP®STEP LENGTH,XNIT=INITIAL VALUE OF INDEPENDENT VARIABLE
READ(1,902)(¢C(1),1m1,NE) N )
WRITE(2.103) ¢
103 FORMAT(2BHOPOLYNOMIAL COEFFIC!!NTS Al!l)
ho 2 Il=1,NC
] URIT!(2r104)C(!)
104 FORMAT(E49 . 8)
WRITE(2,108)
108 =s0AMAT(1HO10X20HINDEPENDENT VARIABLEYOX1BHNEPENDENTY VARIABLE/)
XsxXNIY
D0 3 Jer,NP
vyeC(¢1)
6 YuvaeC(traxww(ler)
WRITEC2,106)%,Y
106 FORMAT(F25.4,F%2.6)
3 XaX+8TEP
READ¢(Y.144)44
111 PORMAT(I2)
TF¢JJd20.5,0
WRITE(Z2,10”)
107 FORMAT (1344 NEW RUN//Y
60 TO 1
S CONTINUE
WRITE(2,110)
WRITE(Z,108)
108 FORMAT(21HO END OF EVALUATION)
109 FORMAT (80N .
1 )
110 FORMAT{1MD) »
sTOp
END

END OF SEGMENT, LENGTH 205, NAME BOS%&
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APFENDIX B2
Equivalent Mags of a Yehicle

At a particular engins speed during an acceleration run, the
torque delivered by the engins is, neglecting transient effects,
the measured steandy mndng torque Jeogg that required to ascelerate
the enzine, Therefore, it can be uritten that

force on vebicle = (T -T,) x 7p ZDARXOR 1bf
Ty

1

'I'e is the torque required to accelerate the engine ard is given hy

To = I x DRXGR x¢ 2
Ty
Is = engine inertia slug £t2

DAR drive-axle ratio

GR = pgesar ratio

ry = rolling radius of drive wheels £t
£ = vehicle acceleration f£t/sec®
equation 1 may then be ro-uritten as

force on vehdcle = Fp - Ig = ?T x Emgzxf e 3
Ty :

where F‘I‘ *Q?T x 71’ x DAR x GR and nay be termed the "tractive
Tp foreo" w4

‘This force on the wehicle is required to accelerate the wehliele
mass itself, tho inertia of the road wheels and to overcome the drag

force Fd whence,

FpoeI x 70 (D Y2 g £ = (0 —_—
=iy x Tx(ﬂ%f.@)x (%+§Z;f+pd 5



A

therefore the propulsive force on the vehicle is

, 2
Py =Py =Fyzt (me_,,_;xex?Tx(mnr:m) ) —6

Iy
Comparieon with

szf-ﬂ‘z

yields that tha equivalent masp of the vehicle is

ma:‘ﬂv+f_gz+le x?r x (DR x @) dig  — 8
(rr) (rr )



¥S

ibgel, Spip
In this appendix, the equations governing the theory of wheel

spin contained in section 8, part B are developed.

Wheeol spin is said to o.ccnr vhen the drive force at the drive
vheels io greater than the limiting tractive force.

The limiting tractive force, for a rear whecl drive vehicle
is

= {a_g;!m_ia.cos @ + b(sin B+ é); lbf (1)

and for a fromt wheel drive vehicle

F; = AH (becosf «h (sin© + £)) 1bf —_— (2)
(a+b)( g)

(these expressions can be derived from Fig. B8.1 section 8, part B.)

The drive force at the drive wheels is obtained bty subkracting
the accelerating inertlia torque of the engine from the steady
running torque, factoring this by the transmission efficiency and
the product of {gear ratio x drive axle ratio), subtracting the
accelerating ipertia torque of the drive whsels only, dividing this
torque by the rolling radius, fron which is subtracted the rolling
rosistance of the drive wheels only.

©.fhig accelerates the vehicle mass and that of the free road
wheols, overcomes the serodynamic drag and the gradlent term in the
drag equation and finally caters for tho rolling resistance of the

freo road vheels,



Thus, for a conventional type of vehicle baving half its
road wheels ag drive vheels and ro slippage between drive wheels

axﬁ road,
drive force g f{}i-’_ i -;+Aercdymm19 drag + W.i
2 x (ry)50)
+ g (A5 + Bg.V) -_— (3)
which is equiwalent to
drive force = £ (N, L )+ Fy = g (43 +BaeV)  weme (4)

sg 2z (rr)go;

The maximum possible vehicle acceleration is obtaired by equating
the drive force to the limiting tractive force producing, in the
case. of the rear wheel drive vehicle

frax = LW (a cos@+h ain@) = Fﬂ+g (aa+ Bg.V)

a+b) .
ek . . — (5)
8 2 x (r”)BO gla+ by
and for a front wheel drive vehicle
frax = {(bcosO w hainB) < Fg+ i (4g+ByV)
H + Iw N - Mo
& b gla+b)

Tho Tables A.B3,1 to A.B3.4 givon below list a proportion of
the calculated values of limiting tractive force,.
The Tables A.B3.5 and A.B3:6 1ist some results of maximum

vehicle acceleration calenlations.

46




The vehicle particulars uged in the calculations ere that i«
weight "W = 228 1bf
rolling radius (r,_.)30 = 0.94 £t
totel vheel imertia I, = 1.96 slug £t2
position of centre a = 3,70 £t
of gravity
b = 3.85 £t
h =1.66 £t
drag coefficients A3 = 0,018
. Bg = 0. - .
| These Tables are uged to construct the graphs in Figs. B8.2
to B8.5 given in Section 8, part B.
The 1isting of the computer program (B065) used in the
oevaluation of tho figures in the Tables is given.below.

w7




100

101

102

103
3

1046
2
1

108

106

AL -7 o S T

Ll TR
D A

LIST(LD) .
PROGRAM(RNAS) *
INPUTYalinn

nurplirgmy i

IND

MAR I PR ANAS

WRITPI4,10M

FORMAT (9NN 10OMYNERL BDIN/ /)
WRITE(&,101) :
FORMAT (4LOXYAHRPAR UHFEL DRIVIII) , ,
We2128 . . i
Au} 7 : ' :
Bm3, 85 . : !
Hed. 66 A y ;
RR= 94 ) ‘ -
Alws1 .94 S !
ADs 0148 ‘ . ' b
Bb=0, : _ _ i
Vel A
Mall .
CONTINUE ' «
CFa)), '
DO 1 Im1.,1419

WRITE(L4,102)CF

FORMAT (290H0 COEFFICTIENT OF ERICTION IBF6.2) -~

THETA®D - .

Do 2 Je1,?2N

Ful,

DO 3 Kmi,bA -

TaTHET A3 14150 245/1R0 .

TF-CF-UI(A#R)-fhtcos(T)+Ht¢SIN(T3¢lI!2 2))

WRITECL.103)THRTA,P,TF

FORMAT(F?.2.£90.2.015. %)

FuFed.

FM-(CF-J/ern\~<A-001tT)¢HtSIN(T)) w/2. -(Ab+l0-v02 *IIN(T)))I(UISZ
1.2+A1W/2 /RR/AR~CPeWeH/32. 2/(Ata>) -
WRITECL,10LYTHFTA, M ‘ £
FORMAT(F?.2.€158.4)

THETARTHETA+2

CFe(F+ 1

IF(MY0.,0,8

FOQMAT (1HY)

WRITE(4.10%)

W3IITE(4,1086)

FORMAT ¢oaOx1?PHEQONT WHESL DRIVE//)
M1 '
823 7

As3 85

He=1_ 44

a0 10 4

CONTINIR . T
STop N ;
END : i
FINISH

—

= . e




ADEENRDIX B4
e claggical method of desi nt te gesr rati

The basic asgsumption behimd this method 4s that the engine
c;perates between two speeds. The lower limit is near the maximm
torque speed when the engins throttle or fuel pump rack is fully
open. The upper limit is below maximm allowable engins speed
tut may be above maximum btrake horsepover speed. A gear change
with an accelerating vehicle changes the engine apeed from the
upper ldmit to the lower limit.

Fig. 4+B4,1 depiots this condition in a plot of input to
gearbox speed (related to englne speed) against output from
gearbox speed (related to vehicle cpeéd). For a particular gear
ratio, the relationship between input and output speeds is .
repregentated by a etraight line passing through the origin, the
slope of the 1line being the gear ratio., The lower and upper
limits on the input to gearbox speed are demoted by By and By
respectively., Uhen the upper speed limit is reached in first
geer, a change is made to gear 2, the input speed dropping to the
lower limit Ny, and the ocutput speed remairing at Bj. This process
is repeated for successive gear changes throughout the vehicle
acceleretion period until top gear ratio is engaged.

By definition, the relationship bstween first gear ratlo and

the gearbox input and cutput speeds is



410

(1)

@) = B

) ]

This relationship is shown in Fig. 4.Bf.l
AIBQ’ by deﬁ.nition,

Bz) = Ky - (2)
énd, as can be seen in Fig. AJB4.l
R2) = B
]
= EE‘ R, = ;R.I:' @1(1) --—-(3)_
S U T
sinmilarly,
- @3y £ B
N
= Bxly = F . &,
N R
= (m)?
;E‘:i . @) e (4)
Rz =
@ !gﬁ) - @) (5
and
N
R - G-1

This 1s a geometric progression
Now top gear ratio and bottom gear ratdo, GR(yg) and GR(1)
are fixed by other considerations.



iy

Thus the mmber of gear ratios (FG) required is obtained by

satipfying

B, = /&wr_seﬂe x By =— (7
nme=i / bottom gear ratio

where NG must bo an integer greater than 1.

If the maximin torque speed of the engine 1s low, the engine
is sald t.o bo "flexible®, By can be low and so noceasitating a
small mmber of gear ratios only.

I¢ B is fized at a figure considerably greater than that
oquivalent to engino waximim torque speed, a larger mumber of
gear ratios results, but thero will be more "overlap” betwesen
the gear.rauos.. That 1e to say t.ha't, near a vebicle gear change
gpeed, either of two gear ratios may be engaged. This is an

dmportant consideration in performance wsrk onh gradients.




APPERDIX B2

zailmgg Optimigation Technique

It is not necessary to optioise the inmtermediate gear ;atio,
to a high dezree of accuracy, because the trapsmission designer
mmust be allowed some latit.ude'. Accordingly, a method was deviged
to keep computer time to a minimum. Baslically, the tailor-made
technique optimises each intermcdiete gear ratio separately, and
in turn, This cycle is repeated four times.

Fig. A.B5.1 depicts the expected shape of the time to speed.
variation against the value of a particular gear ratio (GRy).
Point 1 on the curve denotes tho inmitial guess. Point 2 denotes
an evaluation of the function when the particular gear ratio has
been increased by 0.1l. Point 3 wvhen the gear ratio has been
increased by a further 0.1. At every evaluation, a check is made '
to ses if the new point produces e lower or higher time to speed.
The gear ratios contimie to be increased by 0,1 until an evaluation
{point 5) proves worse than the previous value. Tho procedure then
is to contime subtracting 0.0l from the gear ratio until the
optimum point has been passed, 0,005 is then added to the gear
ratio and 1t declared to be the optimum value,

If the second evaluation (point 2 on Fig. A.B5.2) should
prove uorse than the initial guess, then 0.2 ia subtracted f
the gear ratio at point 2 and the method comtimes to eubt
0.1 until the optimum is passed. The method then adds 0.

the optimum is ogain pessed. 0,005 is then subtracted s

422



ratio declared the optimum,

The first difficulty envisaged 1s shown in Fig. A.B5.3.
Successive trials with geax: rat:io increasing in steps of 0.1
" produce better answers, evé;l though point 4 has passed the
c;ptimum.' To increase the gear ratio beyond this before starting
the subtraction .of 0.01 .muld mean up to tventy evaluations in
steps ;f 0.0i. Accordingly, the method stores the current
evaluation, {;he previous evaluotion and the pemiltimate evaluation.
By comparing the current ovaluation with the permltimate evaluation
it 1s possible to aspess whether the previous value has passed the
optimunm. I‘f the current evaluatlon returns a greater time to
.apeed than tize pemltimate, f.he technique is to jump back to the
previous evaluation and to start re-tracing in steps of 0,01.
'Similarly;. if 0.1 is successively subtracted from the gear ratio
under consideration and the current evaluation proves worse than
the pemltimate, the method returns to the previous value and 0.0l
is successively added onto the gear ratio until the optimum is
found,

The initia) comparison involves comparing the second evaluation
of the time to speed vith the first. In order to prevent the
| program reaching premature conclusions based upon the device
described in the previf:ua paragraph, the pemiltimate evaluation
is deliberately set at a very high value. In fact o 1000 times

the first evaluation. On the next run through, the pemltimate

423



evaluation assdmes the value of the first and the previous the
value of the second, and so on,

Fig. A.BS.4 is 2 picture of the tallor-made optimisation
program, TS derotes the current evaluation of the function,

T T3 the previous evalusticn and T SX the pemultimate evaluation,
J is a marker or t.ra.cer used to keep track of the previous path
through tﬁe ;ﬁ'ogram at any .given time. The circuit or the left
of Fig. A.B5,4, coloured green, is the main circuit. Initislly,

J is set at zero., If successive trials comtime to produce botter
times to speed, J is re-set at 10 and 0.1 is added on to the gear
ratio éach time. If the ipitial direction of increaping the gear
ratio is found to be wronz, J is set at 1 and C.l subtracted from
the goar ratio each tima,

This contimies until TS is mo longer less than T T8, A test
is then made %o see if T3 is less than the pemiltimate cvaluation
T 8X. If it 1@, 0.0l is succcasively added to or subtracted from
the gear ratio as appropriate, the marker J being used to decide
uhich.path to take. If, however, TS is greater than T 8X, the
upper red circult is used. This causes the program to jump back
to the previous trial and to start the small scale search for the
optimum, through the lower red circuit on tho left.

Much of the lower part of Fig. A.B5.4 is tho amall scale
se~rch of adding or subtracting 0.0l onto the gear ratiec, The red
circuit to the extreme right, however, is to cater for the unlikely
event of the current evaluation proving equal to the pemltimate

evealuation. In this case 1t is taken that the previous value of

4Ll



gear ratio is the oi)timnm.- .

Each gear ratio is subjected to this program in turn, and
the wbole procedure repeated in order to cover the rou.tins fouf
tirces,

The various pc;aaible roufes are depicted in Fige., 4.B5.5
to A.B5,11. The initial guess io shown as point 1 in each case
and the current, previous and pemiltimate function evaluation,
together with the value of the tracer J, ie shown'in the
adjoining tables for each step. Fig. A.B5.5 shouws the process
of optimisation when the initial guess is soms way to the left of
the optimum, Fig. 4.B5.6 depicts a similar set of circumstances
using the pemltimate evaluation to shorten the procedure. Fig.
4.B5,7 1s vhen the :lnit.ial guess is to the right of the optimum.
Fig. A.B5.8 shows the condition when the initial guess is to the
l_efb of the opticum and the second step returns a belter result,
but is past the optimm. In Fig. 4.B5.9 and Fig. 4.B5.10 the
initial guess is very close to the optimm, in the oﬁe case, just
to the left anﬁ in the other, just to the right., #Fig. A.B5.11
shows the initial puess at or very close to the optimum such that
the evaluations either side are equal, The tebles trace out the
path followed until tho small scole search 1s started,

From the forezoing, it will be seen that the tolerance or

the search for a particular optimum gear ratio is = 0.005,

Thie is usually adequate for practical purposes. The rea’

of the mothod lies in the eliminstion of unnecesasry ew

N



of the functien,

the listing of the optimisation procedure is contained
within the listing of the main vehicle performance program
{B0O1) in Section Bl2.
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The subroutine listed below finds the meximum or the minimum
of a function of up to 16 independernt variables subject to up to
24 constraints. '

The variobles :X(I),, p g i, 2, 3 ato. mst be eet up initially
in the MASTER pegnent of the prograni.

The first sutroutins (FXS868) is the control subroutine.
The arguments are as follows

N = Huober of independent variables

H = DRKumber of constraints
B =M <24
KMAX = The mmber of ifierations per variable

IFRINT, Af set at zero, extra print out is obtainsd,

BJ Put st +1, if a maximm is sought, =l. for a minimum.

F 4o the funotion ewvoluation to be maximised or miniomiced.

Reservation of 32 storage spaces in DIMENSION W (32) carries
the 32 quantities contained in the MASTER program necessary to
svaluate the function through the Rogenbrock subroutine and into
lthe special subroutins CALXGH vhich gersrates the funstion to be
. maximised or minimised.

G (I) and B (I) aro the upper and lower bounds respectively
of variable X (I). These bounds are set up in the MASTER progrem.
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If no contraints are needed, put

G(1) = (1) -1

H(I) = X(1)+1
and reget these values ecach time in the subroutine CALXGH,

The subroutine CALXGH is identical to the subroutine TIME
contaired in the main vehicle performance program (BO0l) listed
in Section H12.

The structfire of a progran usi.hg the Rosenbrock cubroutines
therefore, is

MASTER FROGRAM

l

ROSENBROCK SUBROUTINES

SUBROUTINE CENERATIRG FUNCTIOR



Dt.‘ﬁ VV ' . . - ‘ Ce. * ’ L‘.Z?‘-;
L . '

-~
A

w o .- SURROUTINE DPYSEB{N,M,KMAX, IPRINT,RJ,F)
- NIMENSION ARRAY(30R),6048), uraa).vt2¢1.wt32)
- T COMMOMNARRAY, G, H, X\ W -
o CALL PXSBLAIN,M, L, 1T, 1COUNT, NA)
T T 201 CALL CALYGHIN, M, [T, F)
) CALL PYSARZ&I(N,M,L,1T,1COUNT, INDIC.F.BJ xMA:.Na NG )
. R GO Tnf2°20?04 201’:INDIC
: ' 202 FALL PYSB2A(N,M,L ,NA) |
S 208 CALL PYSRAACN,M, L, 1T, 1COUNT, TPRINT,INDIC,KMAY ., BJ,NA,NG)
< GO TN(201.20%1, INDIC
: & . 203 RETURNM - - e
_END :

END OF SEGMENT, LENGTYH 85, NAME PXS6R

s

e
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o

= o SUBROUTINE ©XSB{A(N,M, L, 1T, ICOUNT,NA)
‘- DIMENSION at93.u12).A(272\.0t16) Etlay

DTl T L0 COMMON R, UL A, DGE

5 EXPF(Y) sEXP(Y)

AN LOGF (YY) = ALOGLX) : g
v SINFIX) 3 STIN(X})_ B L
ST CCOSFIY) = CASEX) F ' < )
S ) ATANFIX) =ATAN(X) o -
LE .- _SORTFIX) = SORT(X) ¥
ﬁ’_ ABSF(Y) =ABRS(Y) ) o o _ i
e - - B({imb, s . o F

o B(?’BO_ ] '_ ] . 7 . a _
R S _ 1COUNTa0 B . T

- ) DO fLmi.N , ) o . _ )
= , E(L)re0.

R ‘ K=l

; nO t WRat,N ) i

) . ek +N
e ) b(K)HQ.
. ’ IF(l =¢R)Y1,%,1

¥ , 3 A(K)md. o )
hosoL o0 ¥ CONTINUE o B LT
S L. L=N | o
oL o e IT=1 S, ) - ; A

1

deo o . WRITE(4,2)
oEe a2 FORMAT ( 5OH;-PX S8 MAX IMUM OR:MINIMUM-OF A7 CONSTRAINED FUNCTIONY
ol S RETURN , e e e C

. l; ‘ : i
-L'l‘ .- - . . - - N,

- END OF SFGMENT, LENGTH 103, NAMF PXSB1A
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SUBRDUTINE PXSEBLA(N,M, L, 1T, ICAUNT, NA)
" DIMENSINON Bt?).Ut?).A(!T?) Dt161,51161

COMMON R,10,8,0,8
EXPF(Y)Y BFYXD(Y)

LOGF(Y) = ALOG(X)

SINF(X) 3 SIN(X)

COSFE(Y) o CAS(X)Y
ATANFIX) aATAN(X)
SORTE(X) = SORT(YX)

ABSF(Y) mARS(Y)
Bi{1m0. '
Bi{2)1s0.

1COUNTRO ¢

Do 1L?1|N
AlLr=0 . ¢
EllLyen,
e
PO 1 ¥Ruat{,N
wakeN
A{K)a0 .,
IF() m®Y)y,3,14
3 A(K)mt.
CONTINUE
=N
IT=t
NQITE(Q 2)

e

Y

2 FORMAT(50K: DXSG-MA!IMHM OR:- M!NIMUM OF A CDNSTRA!NED FUNCT!ON!

RETURN
END: -

END OF SFAMENT, [SNGTH

10%,

-

NAMF

PXS81A
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SURRQUY EINE PYSB2A(N,M,L,NA)
SORTE(X)aSORT(X)
) , DIMENSION B(23;;U(2),8(272),0n016)
s o COMMON B,U,48,D
' 4 Lena{ &
. ) . JOst N
o T : 108 K=N#JD+N
) B(K)ImDINY#A(K)
DL . KR=p - . :
w 104 K=sMNaJO+KR
44 ﬁ(K)aﬂ(KD)tA(K)*ﬂ(K+‘)
B y .Kﬁ-wnfi
i Lw n 0 IF(«RI103,10% 104
103 JN=Jns+y
_ E "J j IF(N-JD)iOSinB:lOEA
— i 195.00 2G Laty{.?
T -7 9_.‘. Lm0,
- . o K=i ]
o .. e op % JTee N
o K=+N '
' -3 P(llnﬂl()*l(Kl*B(L)
“ _ ] 26 B(L)aSQRTF(A(1 ))
' - ﬂ(?)-ﬂl?)fatl\
 JOet E . . ;
5 L= ’ . ‘ .
6 IF(1=90)4%,7,4%
4% an=0.,
K=J0
0N 44 kA=t ,N
= +N
JSekmwh.
44 BN=AIK)Y#«A(JR)+BD
o ' KeJn
— 00 45 KRai.N
R K=K +N
JS=K=L
o } - 48 A(K)n-A!JG)iBﬂ+A{K)-
o ) =l +f
- . 60 TO B
. 7 BO=0,
) Kal
DA 48 JT=t , N
Kol aN
46 ROzA(K)Y#A(K)+a(
BO=SARTF (RN
- . k=0
' . B AD=zy /RN
DO AT UT=y N



|;p' .

Knp+N
47 bt rmafied{K)
JOm Ny
1:(N-Jb!8.5a5
8 RETURN. . .
END

END OF SEAMENTY, LENATH

a
™ L3
' i
. b
= @t
+
=
3
- s s
H
H -

PXS82A
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(&

L

e

fyee
Lot

102
61

82

83
64
65
98
21

166

22
2%

24
68
28

26
87

14
34

58
15

16

-1
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SURRQUTINE 2YSHBAA(NM,L,IT,ICOUNT, INDIC,F.BJ,KMAX,NA,NG?
ARSF(Y) mABQ(Y) ' '

DIMENRION - B(2),U(2),A0272),.016),E(16),6(48),H(48),X(24)
COMMON R, 8,0, F,G,H,X

Ui1TIaF+RY

1S=1

TF(QIIS)=X{181)6¢,2?2,22

IFex(I8)I-HIT8)1R2,22,22

TFL1Y=Ur1TYIBS, 63,16

KRmM+18

Gnan, qa90*sfr<)+o 0001 eH( T8

HOaG( TS)+H{18)1~80

lFlfO-!(151\84 64,24

IFIX{1S1=-HD165,A5,26
GIKRY=U{ L) o
HIKRYeU{1)

1SsTS+1
IFt1S=MI102.1n2,21
IFtIT~271686,14,16R6

IT=2 .

INDIC22 |

60 TO tO9

IF (1T=2)2%,15,2%
WRITE(4.99)

FﬁnMAdeﬂu INTTTAL UALUES OF ¥ NOT WITHIN CONSTRAINTS)
60 TD ARA

IF (1T=11A8,2%,A8 -
Ge(GN=YX{ 181}/ {a0=G(]IS))
HOBU(TT)=A(XR)

BNa(=2 #Gh+4_ YaG0=-3%
U(IT)12a0#80%HA+UITT)

GO TN g4
[F{IT=1)67,23,67 S
GOs{Y{I1S)=-HMN)/(H(]S)=HD}
HO=( 1T )=H{KR)

GND TN 28

TE ({1 )= 21)54,88,18
GAEABSE(E(L )
1F{6N=1,155,55,18
E(Lymt 8

DILIeDILY#ATL)

U(1reu(2) o

Al ye% _#A{(L) e
GN 10 17

KRa| _

DN 858 1Sei{.N

KRakReN
X(1€)12-A(KR)&A(L)I+X(TS)



257
17
38

18
80

13
e

101

T o

END' OF SEGMENT, LENGTH = 645% NAME

Al Ye=0.S8A(1)
IF (F{L)}¥17,%7,87
E(LYyw=B(L) -
IFIL1CAUNT-N#KMAX )58,588,66
DN sa JSaf{,N .
1F (F(18)+1,189,59,18
CONTINUE - T

INNTCEY

60 TR0
1€ (L=N)B0O,12,60
L=+ :

60 T0 13

L=t

K=l _
DN 76 KRai N -
K=@+N' _
X(KR)oB (L) ealw)I+X{KQ)
TCOUNYsTCAUNT+1
1Ta? & -
INDTC®S
RETURN

END

43t
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SUBROUTINE PYSHBAAIN,M,Li1T,ICOUNT,,TPRINT,INDIC,KMAX,BJ,NA,NG)
DIMENSION B(?i.Ut?)-A(&?Z\.Dt!G)-Ftl6l.6t68} th&).l(?dl
‘COMMON B,U,8,D4E,8,H,X T
BO=RJ&U(1) ' o
“1F(TPRINT)3X,48,33 : T - is
. 48 WRITE(4, !09)I€0UNT.8013(1).RIQ}
. DO A9 L=t M
49 WRITE(SG,1031%1L), o
33 IF(TCOUNT-N+#KMAX)50,80,9 =
50 IF(IT=1)81,0,11 e
-9 INDIC=2 S £
60 TN 105 : ’
102 FORMAT(18,2(8Y,E12.51,F20, 5)
103 FORMAT(AY,Et12.5) o
11 BN 52 L=g,N : ST
OESRRE. T+
52 E{l.ym0,
L=i
K=i
DO 8% KRoet, N
Kk +N
5% XY(KRYsh(L)*A(V)+X(KR) o
ICOUNY=ICOUNT 4 ' S
1ta2 '
INDICay
105 RETURN ) o _
END - ' E S S " R

END OF SEGMENT, LENGTH 177, NAME PXSB4A



APZERDIZ B7
Mope datailed optimisetion

The program listed below (BOSO) uses the Rosenbrock optdmiéation
subroutines of Appendix B6 in order to find the intermediate gear .
ratios which giva the minimmp sum of the time up to

ﬁvgo '3”2& 'évzn %vg and v2
where V, mile/h is some epscified final speecd,

This is an attempt at emphagiping the importance of the wehicle
acceleration at the lover speedo,

The read-in data to BO20 i3 identical to that for BOOL
described in Section El2. Program B0SO carries on to esvaluate
engine maximo torque speed and maximum treke horsepower speed,
Statement mnber €0 sots the initial values of the intermediate
goar ratios such that their reciprocal values are in arithmetioc
progz'éaaion. Between statement n;mbers 402 and 01 the Rogsenhrock
constraints G(K) and B(K) are set. Statement mmber 401 + 1 sets
the test gradient (GGG) at geroc and statement rumber 401 + 2 fixes
the degree of printout required. Statement mumber 401 + 3 calls
up the Rosentrock subroutines. Forty iterations per variable are
spocified.

BOB0 contimes hy evaluating the time to accelerate between
twvo speed limits on the specified gradient if it is greater than
gero. Finnlly, BOS0 evaluates maximum vehicle speed in a manney
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identical to BOO1,

Following the listing of BOSO is a typlical printout., Thie
c;)nsieta of the headings, title and the read-in data, followed
by the results of the engins maxirum torque and treke horsepowver
epeed ovaluations, The legend PXS6, MAXIMIM OR MINIMIM OF A
CONSTRAINED FUNCTION* demotes entry into the Rosenbrock subroutines.
The numbers following show the progress of the optimisation
procedure, Column 1 ip the mumber of iterations. Column 2 gives
the current evaluation of the function. Column 3 and 4 concern
the mechantsm of the procedure and glve the current step length
and degree of rotation of the axes of the evaluation respectively.
After printing out the.current data in the four columns, the value
of the variables are listed. In this example there are t.wo._

The fimal table of the print ocut glves the gear ratlos and
the maxirmm vehicle apeed on the level in each of the gears.




15

10

11

12
13
14

28
410

MASTER BOAQ
DIMFNSIONARRAY(308),G(48),H(48),X{24),W(26),GR{10),F(10)
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- COMMONARRAY,G/H X GR,GCT,DAR,RR,AT,BT,CY,DT,ET,20,BD,AK, WW,AIW,AlE

-

JCFrkAnAJR;ﬂHrNGlNO!VBSrUllV2|GGGuRM.FT.GT,RMIN.DTDR,NV.RI
EXPF{X) sEXe({YX)}
LOGF{X) o aL0A(X)
SINF(X) » SIN(X)
COSFiX) = cosiXx)
ATANF(X) =ATAN(YX)
SQRTFI(X) = SAQRTI(X)
ABSF(X) =ABSIX)
CONTINUE

Jz=28
WRITE(S4,100)
READ{1,1001)
WRITE(4,1001)
WRITE(4,1002)
READ(1,108)A7,BT.CT.DT,ET, FT.GT.VBS NO
IF(Jm1)2,26,2

CONTINUE .
CONTINUE %
READ{1,102)NG,NB/NBOT

IF(NB)Q 6,6

CONTINUE ,
READ(1,1081(GR{1),1=1,NG)
IF(J=6)26,25,7

READ(1,10R)DAR,RR .
IF(J=7)8.26,8 N
READ({1,108)0UGRR x

NO=b

IF(J=5)26,24,8

READ(1,108)alw

IF(J=8)9,26,9

READ(1,108)481E,RMIN

IF(J=9)10,26,10

READ(ilIOB)NNaA:B:HHcKA
IF{Jat10)11,26,11 T
REAN(1,108)aD,B0D,AK, XK

XK=XK/1000000.,

IF(J=111)12,26,12

READ({1,108)6G

IF(J=12)13,26,13

REANIY,108)6CT,CF

IF(JU=18)14,26,14

READ(1,108)v1,V2,Wy .
IF(J=181410,26,410 .
WRITE(S,11%) ‘

WRITE(S,114)AT, BTICT!DTIET!FT GT!VBS:AIE
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WRITE(G,115)
WRITE(4,116)40,B0, 4% ,6G6,6CT, CF.NG
WRITE(R,13%1)
WRITE(S4,132 VWW,A,B,HH,RR,ATINW
WRITE(4,117 v '
WRITE(4::181V2
WRITE(S,1003 Wy
IF(wh)27.,28,28
1 27 WRITE(S,119)
GO TO 29
28 WRITE(Y,120)
29 IF(J=25)252,28%0,250
252 1F{JU=12)558,254,251 o
556 IF(J-3)250c557r251 ' - -
251 J=55 ‘
. 60 T0-49
T 250 J=0
RMERMIN
30 DTDRaBT+2 ., #CT«RM/1000 +3, tDT*‘RMflooo.)*t2+4 «ET#(RM/1000.)as345
{FTe (AM/ 1000, )#ud+8, *GT-(nM/lOOO )**5 :
JF{J=1134,3¢,%2
31 IE(DTDR)32,3%,33
33 RMBRM+500,
Jai ,
GG T0 30 -
32 IF(J~10134,324,35
34 IF(DTDR)3R; %6,35
36 RMBRM=50,
Js10 -
GO TO 30 }
35 IF(DTD°)37.%8o38 -
38 RMz=RM+5, .
J=100
G0 TO 30
37 DTDR=eAT+BTeaM/1000, +CT*RM*RH/!000000 +DT*#(RM/ {000, )**B*ETi(RMIIOOO
1.)**4*FT*(R%/1000.)*t5+GT*(RM/1000.)tt5
HPITE(ﬁ.l?l)DTDR:RM ’
J=0
RMPaRM
39 DPaAT+2,.+RTwRMP/1000,+3 ,#CT#(RMP/1000, }ww2+4, *DT*(RMPIIOOO.)t*3+ET
I1*5 «(RMP /1000, ) **84FT#8& , * (RMP /1000, )*%5+GT#7, *(RMP/1000, )awp
IFtJ=1)40,40.,41 .
40 JF(DPYGYL,42,.42
42 RMPHRMP¢500
J=1i
GO TO 39
41 [FiJmi0)4%,1%,44
43 IF(DP)S35,458,448



45

aé
a7

46

557
a8
| 257
256

51
53
50

52

54-

37

58
56

59

407

. . - Lo

RMpaRMP =50,

Jui o

60 Tn 39

IF(DPY4K,47,47

RMPuRMP+5

J=100

GO TO 30 )

DPa2,+3,1415926/33000, i(AT#BT*RMP/!OOO +CTH(RMP/100Q, ) *s2+DTw (RMP/

11000, )w*34ET«(RMP/1000, ) ##d4FT#(RMP/1000,)an5+¢GT# (RMP/1000, )wub )R
eMP : .

WRITE(4,122)DP,RMP

CONTINUE

IF(NB)3A,40,49 -

CONTINUE

IF(RMPeDUG- uac)?56.256.251

DUG=VRS/RMP

WRITE(4,151)

CONTINUE

IF(KA)50,51,5 :
GRANGATAN(A/(A+B-HH)) . _ S
ROT=WW«SIN(GRRADI*RR/DTDR '
IF(UTDR*BOT-NK*(B*COS(GRAD)-(HH RR)*S!N(GRAD)))SE 52,53
WRITE(4,12%)

GO 7O 52

GRADEBATAN(R/(A+BeHK )

BOT=WW«SIN(GRAD)*RR/DTOR

CONTINUE

GRAD=4 . /SINF(GRAD)

WRITE(4,124)GRAD

GREDERMP*DUG/1000,

GRAD=$5,+3,14159/660, *RMP*(AT+BT*GRAD+CT*GRAD*-2+DT*GPADit3+E7tGRA

1D*id+FT*GRAD**S+GT*GRAD**6}wDUG

J=0

VMagQ, ;

TEFu( .99758-,0000879%VM)*(, 95-.000315*VM'.OOOOO58*VM*VMy
TEF-VN*(NNt(AD+UM*BD)+AK*VM*VM)/TEF
IF{J=1)55,585,58

IF(GRAD~ TEF)58.59.57

VM=VM+ 10,

JEiy

60 1O 54 ,

IF(TEF=- GRAD)59:407.56 -
VMayM=1 .o

J=210

GO TO &4

CONTINUE

VMeyM+ 5

CONTINVE



1100

1101

. 60

.400

3-61

. 63
62
402

4014

76

84

WRITE(S,125)VM,DUG
IF(NBOY0,1100,0
READ(1,108)30T,DAR

GO T 1161

CONTINUE

RX=RR# (] ,+X¢*x(VM*VYM=-900,
DARSRMP*DUG#RE*3, 16159*15 /VM!BBO
BOTaBOY/DAR

CONTINUE

WRITE(3,126)

WRITE{3,127DAR

WRITE(4,128)B0OT

ANG=ENG=1

DO 6860 1=1,N85

Alelwt ' j'
GR{I)®=Y,/(1_/ROT+(Aalett.=1,/BOT) ¥/ANG)
GRADeD, ’ 3 oo '
JJENG=-1
IF{JJ184,400,400
CONTINUE

JJJEING 2
IF(ND)BY1,62, 5?
CONTINUE -
IPRINTaO0

00 83 [=2,J.1
WRITE(8,129)1,GR(1)
GO TD 402

CONTINUE

IPRINTSY

CONTINUE

00 401 1Im2, 4.

K=]-1

Gi{K)ai,

H(K)12B0T

X{K)aGR(I)

6GGG=0,

IPRINTeO : . O
CALI. PXSEB (JUJrJJIJ: Q0 IPRINT "1, TS)

00 76 1=2,04

K=l=1{

GR{t)aX(K)

GRADBRM«3,12159«RR+15, /GR(I)/DAR/B&O
TEF=GRAD»VRS/RM

WRITE(4, 1d0)IfGR(I).GRAD TEF
WRITE{4,1%49TS

IF(nG1)84,R5,84

CONTINUE

GGG=266.



. 82
80

88

255

89

© a3
38

-
95

408

98

97
406

91

capL CALNGH (JJ e JJ 1T, TS)
HRITE(G,133)TS

CONTINUE

GO 7O 255
IF(KA)BRG,BL,AR]
CC=SORT{1.~-3G*GG)

C= B*CC—HH*G\,

IF(OTDR*DAR®GH (1)~ ww-c;ao.eo,az
WRITE(G,101)

CONTINUE

B0 86 I=1.,NS

GRAD=RM~3 {4139«RR»15, /GR(I)/DAP/GGO
TEF=GRAD#*VBS/RM '

WRITYE(D, idO)I:GR(I):GRADrTEF

GGGaGE

CALL CALXGH (JJrJJ s IT.TS)
WRITE(S,133)7S

CONTINUE :

WRITE(G,137)

pd RB I1=1,Nj
0GR=3,1415926%15,%RR/660, /DAF/GR(!)
VMsSOGR*RMIN.

J=0

DFawh*(AD+thaD)+AK*VM*VM

AlanNG=]

TEF=(,96=, 000316*VM- 0000058*VM*VM)*(.
[VMw2, 08**AI) '

Rz\yM/0G6R

99753«(1.-.007*&1l-.OOOOG?Qt

ToAT+BT*R/1000.+CT*(R/1000, )**Z*DT*(HIIOOO )**3+ET*¢RIIOOO.}**4¢FT

1«(R/1000, I waS5+GT*(R/1000, )wxb

TFaT*GR{ I )*TEF#DAR/RR
IF(J=1)93,5%,94
IF(TF=-DF }95,96,96
VMaVM+10,

J=i

60 T0 &9

IF(DF=TF 197, 406.98
CONTINUE o
IF(VM]QO;QOE:QG'
VMaVM+§ 0O,

GO TO 89

VMayM~]{

Jzi0

G0 TO0 B9

VMeVM+, 5

CONTIMNUE
IF(VM=VRS#0GR )90, 91.91
CONTINUE
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101
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105
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107
108
111
112
113
114

115
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117
118
131

{32
- 119
.120

121
“122

23

GRAD=VBS+NGR
HR}T£(4:158)GR(I):GRAD I
60 TD B8 :
CONTINUE _
WRITE(G,139)1G2(]).VM
CONTINUE
VaRMPe DGR
GRAD=sVM/V ) .
WRITE(4,142)GRAD™ ~ : - -
WRITE(4,127)DAR ’ :
J=0
READ (1.102)J
1F(.J)203,20%,99
CONTINUE
WRITE(4,1000) ) .
GO T0 (1r2:51405:51708:9:10f111121‘301411511J
WRITE(4,150)
STOP 01
FORMAT(10Y19KHG,5,LUCAS AUTO DEPT/BKS7HLOUGHBOROUGH UNTIVERSITY OF T
IECHNDLDGY//10ﬂ45HVEH!CLE PERFORMANCE ~ ROSENBROCK OPTIMISATION//)

FORMAT(10X4gH wekws VEHICLE MAY OVERTURN IN FIRST GEAR wessw/)
FORMAT(312) . .
FORMAT(2F6,3)

FORMAT(F7.1,3F6, 2.:2)

FORMAT(3F8,8)

FORMAT(F7.5)

FORMAT({0F0.0)

FORMAT(2F6 . 4) :

FORMAT(2F4 . 0) '

FORMAT(//5XTHNEW RUN//) :
FORMAT(15X20HENGINE TORQUE CHARACTERISTICS27¥20H MAX, ENGINE ENGI
{NE/T4X1BHSPEED INERTIA/7FL10.8,F11,1,F11.3/) _ i
FORMAT(SX17HORAG COEFFICIENTSB8XA2WGRADIENT GEAR EHANGE COEFF
1 ND OF/82X29HTIME OF FRICTION  GEARS) \
FORMAT(3F9,8,3F11,5.110/) __—

FORMAT(21W INITIAL SPEED MPH =FS, 0)

FORMAT(18H FINAL SPEED MPH =F5,0/)

FORMAT(65H WEIGHT POSITION OF C OF G ROLLING RAD FT  INERTIA

10F WHEELS) ,

FORMAT(F7.1.3F7.2,F15.4,F18,3/)

FORMAT(26H FRONT WHEEL DRIVE VEHICLE/) '
FORMAT(25H REAR WHEEL DRIVE VEHMICLE/) I
FORMAT(30H MAXIMUM ENGINE TOROUE LB.FT =F8,3/27H MAXIMUM TORQUE Sp
{EED RPM =F6.0/) :
FORMAT(27H MAXIMUM BRAKE HORSEPOWER ©BF8,3/{7H MAX, BHP SPEED =F8,0

i7)

FORMAT(10X66H ##*#s VEHICLE MAY OVERTURN ON' MAK, GRADIENT IN FIRS

IT.GEAR swwss/)
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124 FORMAT(G1H wAY, GRAODIENT VEHICLE CAN CLIMB IS 1 IN F6.2/7) :
125 FORALT(Z8M wAX, SPEED OF VEHICLE MPH oF6,1/25H DEGREE OF UNDERGEAR
1ING BF7.47) ) o
128 FORMAT(3AM TOP GEAR RATIO TAKEN AS 1 TO {,GIVING)
127 FORMAT(19M ORIVE AXLE RATIOD af7,%)
128 FORMAT(20H 3QTTOM GEAR RAYIO »F7,3/)
129 FORMAT(12H GEAR RATIN I3,3Wm = F7,3,14K INITIAL GUESS)
130 FORMAT(12H GEAR RATIO I3,3K = F7,3,5X21H TIME TO SPEED SECS -Fs 2)
133 FORMAT(34MOSUMMATION OF TIMES TO SPEED SEC ©F9.2/)
134 FORMAT(/30H TIME TO SPEEOD ON LEVEL. SECS =F8.2/) .
137 FORMAT(/15X23H MAXIMUM- SPEED. ON LEVEL/27H GEAR RATIOD SPEED M
1PH) ;
138 FORMATIF10,4,5X8{HENGINE Mnx.:SPEED'Lxmrxs VEMICLE SPEED TOF6.1.,12
1M MPH IN GE&RI3) _
139 FORMAT(F10,4,F15.1)
142 FORMAT(25H DEGREE OF UNDERGEARING ®F7.4)
140 FORMAT(12H GEAR RATIO I3,3M = F7,3/5XF6, 1.41H MPH YO LIMIYATION SE
1T BY VALVE 30UNCE OFF6.1.4H MPH)
150 FORMAT(/22K END OF CALCULATIONS)
151 FORMAT(76H DUE TO ENGINE SPEED LIMIT DEGREE OF - UNDERGEAR!NG s RED
| {UCED TO FIGURE BELOW/)
1000 FORMAT(1H1)
1001 FORMAT(-B80OM
{ )
1002 FORMAT(1MO//)
1003 FORMAT(32H HEaD-ON wtuo VELOC!TY MILE/H = F8.2/)
END :

END OF SEGMENT, LENGTH - 1570, NAME 8080
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- 28

L 86

. 67

SUBROUTINE CALXGH (JJyJdJd, 1T, TMAX) )
DIMENSIONARRAY(308),G(48),H(48),Xx(24),W(26),GR{10}Y,F(10)

COMMONARRAY,G,H, X+ GR.GCT,DAR,PR+ AT «BT,LY,DT . ET,AD,BD 8K, WW, ATW,A]E

1sCFiKALA B, HH,NG/NOVBS,V1,UMAX,GGG,RM, FTrGT RMIN-DTDR WV ,RX

VesVMAX /2,
TMAYs=0,

o 70 MAX=1.5
TS=0,

v=vi

AALSO,

Dve=?,

ND1Ses0 -

DISFm0,

L=0
CC=SQRT(1,.-566+GGG)
J3=NG=1{

Do 43 1=2,J%
K=1-1
GR(r)esX(K)
IFty=v1142,42,3
CONTINDE
CabeCC+HHAGGH
BWwz{,=C/CC/{A+B)

lFfGGG BWaCE#CC)I3,3, 2;

WRITE(G,100)
CONTINUE
BWzCFeWW/(84+R)

IF(tV2=Vv}/Dv=25.)4,5,5

Pysdv/2.

GO TO 3 :
KVa(Y2=V)/DV+i,
DO 6 K21 ,KV .

DF=wwt{GGG¢ﬂD+UtBD)+AK*(V+NV)wiz 5

DO 7 Is1,NG -
Al=NG=T

OGR=3,1415926+15,%RR/660, /DARIGR(I)

RevV/Q6R
IF(VBS=R)27,28,28
Fili=(,

GO 70 7

CONTINUE ‘
IF{RM=-R)E6,56,0
TaDTDR

GO 70O 87

CONTINUE

T=AT+BT*R/1000,+CT*(R/1000, )**2+DT*(R/1000
ix{R/1000, )*t5+GT*(R/1000.)**6

CQNTINQE

)f*3+ET-tR/1000.

Yh#G+FT
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14

15

10

i1
30

13

47

48

12
-

18
16

i9

62

20

k6

TEF=(,95=-,000316%V=_0000058+VaV)*( ,89788¢(1.~.007«A1)-.0000879¢vw2
1,08=«A])

TFaT*TEF«GR({ T )HDAR/RR

CONTYIMNUE

PFuTFeDFf

IF(PF)14,15,18

Fil)aQ,

eQ T0 7

EMe=WW/%2, ?+ﬂlNlRR/RR¢AIEiTEF*(GP(I)*DAPIRR)#*?

F(l)esPR/EM

IFtea)10. 114,11
CaB+Cl~HHReGHEG i
TFFaBWe (C~-HN#F(1)/32,2)
GO T0 30
C=arCC+HHeGREG
TFFHBN-(C+HH*F(I)/32 2) . ) . . )
CONTINUE - - -
IF(F(l)*(Hﬂ/S?.Z*AIN/RR/RR/?.)-TFF+DF-NN/2.*(AD*V*BD))l?f!?riB
CONTINUE ' '
WRITE(G,104) WV, I,TFF, TF

IF{kpa)a7,4R,48

CONTINUE

TF=, 99+ (RWaC-DF+*WW+{AD+BD*v} /2. )*EM/(NN/S? ?#AIN/RR/RR/E +BWrHH/3
12,21+DF)

GG TO 3¢ ' o

CONTINUE :
TFa.99%w ((BWeC~DF eWWe{ AD+BDwY ) /2, )¥EM/{WW/32.2+AIW/RR/RR/2,~BW*HH/3
12.21+DF)

GO TO 31

CONTINUE

CONTINUE

FG=0,

Jsi

DO 16 J=1,NG

IF(FIL)=-FG)16,156,18

FG=FI(1)

Jal

CONTINUE

IF(FG)19,19,20

CONTINUE

OGR=3,1615926+15,*RR/660,/DAR/GR(1)

[IFitv=RM*0GR)E, 6,62

CONT JNUE

WRITE(4,108)J,V,V2 . -

WRITE(S, 110 5

GO TO 50 -

CONTINUE

IF{J=L}Y21,22,21



AR

2t CONTINUE
IFIND)G,68,88
WRITE(3, 10110,V

68 CONTINUE
IF(L)y23,24,23

2% AN=2aCT
GO YO 17

22 CCNTINUE

26 ANm(,

17 L=J ) ;
Aa2=(AR1+DVe22,/15, /FG)/2,
[F{VveV1)60,561,60 '

60 CONTINUE -

TSaTS+AA24AN

61 AA1aDVe22,/15_/FG )
DISFa(y+DvV/2, 1422./15, «(AA2+AN.
[F{NDIS}0,0,68 - - . .
IF(DISF=1320.165,0,0 :
NDISeaq T

"85 CONTINUE
& V=y+DvV

50 CONTINUE ‘ -
IF{ND}S4,45,458

44 WRITE(2,109)7S

45 CONTINUE
TMAXeTYMAX+TS
V2ay2eVMAX /A,

70 CONTINUE
RETURN h .

100 FORMAT(10X6S5MH wakaw VEHICLE WILL SLIP DOWNMILL WITH HANDBRAKE ONL
1Y SFET  sewhw/)

101 FORMAT(21H GEAR CHANGE TO RATIOI3,204 GEAR CHANGE SPEED =F7.2/)

104 FORMAT(FE.2,18X18HWHEEL SPIN IN GEARIA,13H FRICT, LBRF »Fi0.2,F11.2°
1) -

106 FORMAT (30K ¢ET SPEED UNOBTAINABLE GEAR=13%,13K  SPEED MPW =mF7.2,23
tH SET UPPER SFEED MPH =F7.,2/). .

{07 FORMAT(%5H. SPEED ACCEL 1/ACCEL SPEED DRAG GEAR RATIO/
140H MPH FT/SEC2 SEC2/FT FT/SEC LBF)

108 FOQRMAT(2FT _ >,F11,.5,F8,2,F10,2,18) '

109 FORMAT(29M INTERMEDIAYE TIME TO SPEED =E14.6)

111 FORMAT(27HOTIME SO FAR IS GIVEN BELOW)

112 FORMAT(S5X3I34QUARTER MILE MARK PASSED SPEED =F7.2,18HWMILE/HOUR, T
1"IME 2F8,1,1SHSECONDS! APPROX ) : ’
END -

END OF SEGMENT, LENGTH 732, NAME CALYGH



G.G.LUCAS aUTO DEPT -- I -
LOUGHBOROUSH UNIVERSITY OF rscgycLosv | ]
. VERICLE PERFORMANCE - ROSENBROCK OPYIMISATION
MORE- DETAILED 0°TIMISAT!ON VEHIELE A~ fo:oeeiidévﬁ
-ENG—INE TORQUE CHARﬂCTERlSTICS MAXY, ENGINE ENGINE
: ' . SPEED INERTIA .

0.1859. 47 agvss z17.13362 . 2,87867 0. 4goggh .0.08966  .0.00870 .  6500.0.  0.180

" DRAG COEFFIC!ﬁNTS Gnnoxswt' GEAR CHANGE.  COEFE NO OF

. TIME 0F FRICTION GEARS -

£0.017900 0 oooooo 0.025000  0.00000 0.00000  1.00000 ¢ |
WE1GHT POSITION. oF. C.OF 6 ROLLING RAD ﬁT | !NERTIA 0F WHEELS
2128.0 3.70.. 3.85 {.66 - 0.9400 T 1.9853
INITIAL SPEED. MPH m— 0., - . - o+ .- SRTEE T T LT DT
FINAL speso HPH = 54 : L ) Ce
WEA4D~ON u:~o veLoc:rv MILE/H = 0.00 e
REAR WHEEL DRIVE vEHICLE . . TE AT s e IR
MAY[MUM ENGINE To:ous LB.FT s 48.761 - . S _
MAYIMUM TORQUE SPEED RPM = 2520, - .- .. . e ST . e
MaIIMUM BRAKE HORSEPOWER = 34,817 Yoo - ' '
¥31, BHP SPEED = 5010, o .
vax, GPADIENT VEMICLE CAN CLIME rs 1IN 188
MAX. SPEED. OF VEWICLE MPH = 70.8
DEGREE OF UNDERGEARING = 0.9309

rop GEAR RATIO TACEN 4S8 1 TO l:GIVING -
DRIVE AXLE RATIO = 4,444 _ I _ ,
BOTTOM GEAR RATIO = 4,118 -~ ~ ~ .- - ees co- ' T

gt



PXSB,MAXIHUM OR MINIMUM OF A CONSTRAINED FUNCTION -

¢ . 0,69278E .02
0_20193E. oo
- 0. 13376E o1

4 - “0,B68494E. 02

oiz;xqss a1
0 14376F 51 - -
14  0,68080F 02
" 0 21988E ni :
0_15437E
21" o 0.68029E 02
’ - 0.22066E 51 .
0 -18805E ny- -
29 0D.679Q7E 02
0.22905E oi
38 0.67948E 02
0.23366E o1
" 0_15576E 01 ,
49 .. 0,87944E .02
0.23559E 01
. 0 15507E 94 - ..
61 . 9-,67880E 02
0_23528E 01
- 0 15532891 - - —
68 0.67940E 02
0.23562E oi
.- 0. 15529 o1 .
R ~ 0,67940E 027 -
0 23571E o1
0 155428 ot :
a1 0.867940E 02 .
0.23562E 01
0.15534€ o1
GEAR RATInT 2 & 5,356 -

e ene 0183138 04 . .

16,2 MPH TO LIMITATIDN SET BY %ﬁLUE BOUNCE OF

BEAR GATID— -5 1,553

0.00000E 00. -

0. 16142E- Q0= mts- o

. 0_- 1;2..555'00.‘—_‘ ES A

24, 5 MPH TO LIM!TAT]ON SET BY VALVE BOUNCE OF

TivE TO SPEED ON LEVEL SECS ='

‘._.’.;‘*..;:-,o':; ?-b é_!::-i_;._ . -

0.00000

.- 0. 14142

lozsqu;g501:.' 5.55470 - -
Q.s;;$3é:o:%'h:?gﬁﬂﬁ& _:igbaoo‘ﬁ;_-" _
0.53063E-01" - 0.8944%

 5.20511E= 6Y;  o.78028 .
0.39573E202 - —  © 0.31823

"o.isaéo_e'-sz T ..0_._5.;‘}”6.,_

' 0.16153E-02 ' 0.87158
0.16153E-02 087158 -

. 41,7 wen ;
63,2 MPH
67.94 e e ehe - o

bt
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— e e -
. .

MAY IMUM SPEED ON LEVFL

GEAR RATIO - SPEED MPH , _
4.1180" ENGINE MaX, SPEED LIM!TS VEHICLE SPEEL-TO
2.3562 .- - 40,9 .
{,5534 59,2
1,0000 70.6

DEGREE OF UNDERGESRING = 0, 9332

DRIVE AXLE RATID = 4.444 . : R

2%.8 MPH IN GEAR-

......

1

)5
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APPERDIX B3

Accura £ Road Tests

The Road Tests carrled out by the semi-technical press are
conducted by skilled operators using a stop watch to zeasure time
and an anzlogee type of fifth vheel to measure vahicle speeds The
vame of the tests iz invarliably the Motcr Ipdustry Reseerch
Asgociation proving ground at Lindley,

The type of instrumentation is not the best possible. The
induastry snd M. I.R.A., profer a digital type of fifth vheel and no
stop watch. The pulses from the fifth wheel are recorded on
magnstic tape and analysed later by a speclal data reduciion tech-
nique. This glves & more accurate record of vehicle apéed again.ét
time, However, stop watches in the hands of experts can give
acceoptoble results,.

The difference bostwveen a stop watch test and a test copducted
in the most aecurate nmanner posalble is likely to be quite small.
So amall in fact that it may be suﬁnped by the effect of ambient
conditions at the time of the test or by small production differences
between the tept vehicles,

It was considered preferable therefore, to compare one stop
wvatch road test againast another for a mnber of motor cors. The
tegts éhosen for this purpose were those of "The Autocur® and
"The Motor". Both magazines test a new model soon after introduction

and publish Road Test reports.
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Sometimes the game vehicle is used by the two magazines.

From these tests, the accuracy of the tcstas themselves mny be
ossessed. More usually, bowever, different examples of the same
model are tested, from wvhich some assessment may be made of the
production differences between cara of the same designi

Figs 2.B.8,1 to a.B.8.5 are the #Autocar® and "Motor® road
test results using the same vehicle in each cass, Fig, 4.B.8,6
to A.B.8,9 are a selection of road test results by both "autocar®
and *Hotor® on different examples of the same design in each case,

In Fig. A.B,8,1 the "otors* acceleration times are considerably
poorer than the YAutocar® figurea, It is doubtful if all the
discrepancy can be attributed to vehicle test weight difference
beccuse Fig, A.B.8,2 shows the "Motors'i timea pomer again, however
this time the "Motor® test weight is leass,

Turning pow to road tests on different examples of the same
design, Fig. A.B.8,6 shows that there can be apprecisble differences,
In genersl, however, the road test resulte contained in Figo, 1.B8.6
to 4.B.8,9 show a similar order of discrepancy to those in Figs,
A.B.8,1 to A, B.8,5, This means that the techmique of the road
tests conducted hy the seml-technmical press could be improved,
Conducting road tests when the wind speed i1s appreciable does not
help. The recorded maximum vehicle speeds are given also in Fig,
A.B.8,1 to ALB.8,9, These again show a significant difference in

the testing by the two authorities.
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The data used to construct Figas. A.B.8.1 to A.B.8.9 wvas' taken
from Referencea (29) to (35).

In order to compare the accurascy of the calculated performance
of a vehicle and the corresponding road teat, the performance of
the saloon version of vehicle A was chosen. The reasob for the
cholce is that much of the design data is common to vehicle A, the
drag data 4s known (9) and the vehicle has been road tested (28),
(36). The test weight for both the Autocar and the Motor road teste
wag 2016 1bf (18 cwt)., Weather conditions on the day of the Autocar
road test are described ag "dry, still" with an air temperature of
54°P (ambient pressure not quoted), The weather prevailing on the
day of the Motor road test is described as "hot and dry with slight
wind® (temperature 70 = 82°F, pressure 30.2 = 30.3 in Hg).

Table A.B.8.1 records the input data used in the calculated
performance and the results of the calculation, The calculated
nmaximn vehicle speed of the asaloon version of wehicle 4 is 75.1
mile/h compared with 75.5 mile/h recorded by "The Motor? (36) and
76.8 mile/h by "The Autocar® (28),

Fig. A.B.8.10 compares the calculated time to speed with the
figures given by the "Motor" and the "Autocar®. The discrepancy
between the two actual road tests is very similar to that shown
above. The calculated time to speed agrees closely with that of
the "Autocar® in the higher speed gange and is somewhat Wworse: in

the lower speed range.



AEFEWDIX B9
Iime to speed inteppral
The integral
\f)
t = de dv 8.,8.9.1
£
"

has to be evaluated usinz mnerical methods since the function
£=f(V)
is not known.

- 8

Reference to Fig. C7.2 in Part C suggests that it 1a)reasonnble
supposition to state that wehicle acceleration varies linearly with
vehicle speed, Hence, at speed V, where V1 V V2,

£f - ¢ -

Y+ 120 (g,-8) ) B2
V2 -

Putting A.B.9.2 into A.B.9.1 ard effecting the integration results
in the time to speed between vehicle speeds Vy and V, as

i H§ i(log- ?Z/rx;;

Using expression A.B.9.3 therefore, to calculate the area of

4.B.9.3

a thin strip under the 1/f ves. V curve 1s likely to be more accurate

than sinply assuming the strip to be trapesoldial in shape.
Expression A.B.9.3 shows however, an indeterminancy to exist

vhen £, = f3. This may be investigated further by writing



£/ =1, 8-10

5

and expanding the logarithmic term in expreseion 4.B.9.3 to give
ts (baef) = (VW) (f=-1)
A — -

Gto. Shm— A'B' 905
£

2. 212

Ag f5 — £f) —¥> £, thias becomes
t = V-V ————e A.B.9e5
e
which agsumes corstant scceleration during the speed interval
(Vo = ©1)e
1£, however, {((f2 - f))l is emall, the expression A.B.9.4 may
be replaced by the aprroximate relationship
t ~ (VeW)
(£2 + £)/2

Wty A-Bo9o6

Equation 4.B.9.6 therefore assumes that each thin strip under
the 1/¢£ va, V‘cu.rva is a trapesium,
This investigation may bo contimed further to calculate the
distance (8) covered during speed interval (V3 = 7). Hoting that
V2
8 = ¥.dv e A.B.9,7

b

and incorporating equation A.B.9,2 results in

455
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£, -0 (25 = £3) (£;)
Again, this may be' expanded to give the relationship
8= vg"v]_ ( () ) Vo
iV]_ (1-(‘5) 2 )""""é -(flc VQ-fanvl) (f2-f1)
f]_ ) 32-—
) J.8)
etc. ) e 4.B9,9
)
As fz — fl —p f.
<
8 \.y..(vz - vlz)
2f
which apsumes constamt acceleration during the speed interval
(Va - VI).

_ The essumption that wehicle acceleration is a linsar function
of vehicle speed is closer to the actual function t.han that assuming
the reoiprocal of veiiole acceleration is limsar with speed (the
trapesoidal strip). Use of equations A,B.9.3 and A.B.9.8, in order
to calculave the time elapsed and tho distance covered during the
speed iiaterval ¥} to Vs, will be more accurste than eimply taking
the mean acceleration reciproczal during the speed interval. The
advantage diminishes, however, as the speed interval dimirdshes in
clge.

Bhould 4t ever become necessary to question the accuracy of
relationohips 4.B.9,3 and 4.B.9.8, it will be necessary to develop
new expressions fpr time and distance starting with an assumption
sipilar to that Amplicit ip equation C4.5, section G, developed in
connection with vind specd corrections.

k56



k57

ABEENPIX_ D1

Deriviation of fupction V = V(t) governlng the results of

deccleratl est

Vehicle drag 1s usuzlly expressed in the form
Pd = W(ad+BdaV)+ Eoao (V4 YV, Cos 9")2 1bf e AaDel.1

where W = vehicle veight 1bf
Ad, Bd and K ere drag coefficients

A = projected frontal area of vehicle £2
V = vehicle specd mile/h

V, = wvird specd mile/h
Ov = direction of wind relative to head-on direction

Equation A.D.1,1 reduces to
Fd = W.Ad +K.A. v,f. Coa? Oy
+ (W.Bd+ 2.K.A. V,,+Cos 9“).v
+ KA.V 1bg e A,D.1,2

vhich is a second crder polynomiel in V of the form
PAza+bV+cV lbf amem £:D.243

During a deceleration teat, the force causing the dceceleration
15 the vehicle drag force. Haence, from Newton's Secomd Law

Fd=a+bV+oV2=-ME. 4y x 22 weeie Ayleled
dt 15



vhere

av = -dkx23

22

a+bV+ c\f‘e "
giving
av
i = - 15 . dt
22Mg

2 2
(Vi—% %) +% ‘202

4£59

——— AOD.]..S

There are three pogsible forms to solution of equation A.D.l.5

dependent upon whether

R
a~-pn is pegative, sero or positive,
p 502 ga y | po

2
If g5 b
o > 402
using the substitution that u = V+) B
: 2 o
therefore, du =1
av
equation A.D.1l,5 becomes
du
L B — -lm conat.

¢ s t: - %; 22.Mz.

This ig a standard integral and reduces to

m——n A-D01’6



459

| 2 Tan-lé Ve ho ) == 15t const.
. 2 b
it S P S N

isolating V yields

o g,

Ry
y(conste xeulg - B°)¥ ) ) o — A.D1.8
é (¢ 42 ) gu
The constunt of integration may be found by specifying the
initial velocity of the deceleration test. That is by saying
that;
VaVywhent =0

Hence, the finnl expression is

- - )
gile/h - ;&—n; - Tan (n.f.t) ; ch oAb
* 1+ 2@;. Tan (n.f.t) ;

vhere

f: ’gg'%:zg I ¥ wame Aoltell10
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al‘.ﬂ n zg e AOD.1-12
C
algo
[ § 3 H.M + K.A.ﬁ. 0092 9“ ———— A.D-l.ls
b - W.B4d +2.K.A.Vw. Cos 9" ——— A!D'l.u
and ¢ - E.A, . . ——— Atnolols
I a=1°
¢ 40, agein making the gubstitution that
R
20

equation A.D.l.5 becomes

2 [dm _ _ (a5 .at i A.D.1.16
° u2 = 22.‘% .

integrating gives

d = 158 . congt.
ofv + &3 2215
from which
Ve P N -n amme A,D.1.17

m.t + c.conat,

vhere m and n are given by equations A.D.1.11, A.D.1,12,
&.D.I.IA and A-Dolnls



putting in the boundary condition that
v - vo vhen t =0

yields
Vl!d.le/h - 1 - — A.D-I.].B
mt+ (L)
(Vo-n— n)
If ,bz > 8 again making the substitution
4? o
that
uz V+d D = 4.D.1.19
¢

equation A.D.1.5 now becomes

% —M . = - (15t . const,)

2 Sm—— — &tD.l.m
112 - t 22'ME J
the solution is that
Loge 1+2 =2 x n.f x (t +const.) £% mmem A.D.1.21

1-§
re-arrangenont and substitution of the boundary condition that
V= vo vhen t = o

yields



Tanh (mofot) + (Vo+n)
Vudle/h = 7)) =D = 4,D.1.22

V°+n

1+ (=g~

). Pach (m.f.t)

again, f,m and n are defined by equations A.D.1.10 to A.D.1l.15.

1

&é62



ARFZNDIX D,2

atio ARH

Appendix D.l shows that the experimental results of a
deceleration test upon a wehicle should obey ons of the equations
A.D.1.9, 4.D.1.18 or A.D.1.22 dependent upon the drag coefficients
of the vehicle., Since the purpose of the deceleration test is to
find the drag coefficients, the equations ghould first be
lineariced to enable a curve fitting procedure, such as the
method of "least aquares® to be nsed,

Equation 4.D.1.18 ig relatively simple to deal with, Equation
A.D.1.9 15 Wirtuslly impossibtle since it is & tangent function,
Equation 4.D.1.22 may, h;:wever, be linesrised, a

Equation A<Del.2) in Appendix D.l ie given as

1""
Loge J - 2.m.f. (t"" conat.) wwwe. AsDedle2l
1

thip may be re-written in the form

¥ = 2.k (t+ const,) o AdDe2,1
wvhare
y=Lloge 1. f ’ came AyDe2e2

| 1-? | - .
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It may be shown that
U= f. Taph (k (t +const,) )~ e=== A.De2.3

vhere u is defined by equation A.D.1.19 as
u=Veld e A4Del 19
20

If Bd = 0'and there was sero wind speed during the test,
then b = 0

Hence, u =Y

How a feature of a Tanh function 1s that it is asymptotic to
unity and that initially, the funstion approaches unity very

rapidly.

Note that ‘
tanh 2 = <96
tanh 3 = .995
tanh 4 = 999

This & curve of the experimental resulte V = V(t) will
reveal T in equation A.D.2,3 as the value of V at a large time t.

‘Having found f, it is possible, by using & "least squares®
computer program or by plotting y against ¢, to find a preliminary
valus of k.

This preliminary value of k msy be improved upon by subsequent
iteration until the desired accuracy is reached,



ARFENDIX_Do3.

Digital computer program to reduce the vehicle drag coefficients
from the results of a deceleration test.

ICT 1905 program BO32

Thio program, listed below, accepts time against speed points

from a deceleration test on a vehicls. This data is reduced to
the drag coefficients, first assuming that there is a drag term
proportionzl to velocity and then assuming that vehicle drag

" consists of a rolling resistance term and an aerodynamic drag

term only. Finally, the program gives a check on the accuracy

of the overall test and reduction of results, also a comparison
can be made of the accuracy of ons set of drag coefficlents against
the other. .

The program starts by smoothing out the input data by fitting a
sixth order polynomial to the raw results. The accuracy of this
fit can be assessed because the full "read-in* .-valu-ea vith the
respective curve fit values are printed out in the forn of a table,
The output data is so arranged.to give adequa*_b_c infgrmation on

the accuracy of the reduction and the actual test at every etage.
Allovahcé is made for wind speed, but 4t should be realised that,
for accuracy, the wind speed should be low and at a emall angle
only to the head-on direction of the vehicle. .

ké5
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Input Read-in data

Card 1

Card 2

L
P>

Card 3

- projected fyontal aerea of vehicle ft

Hending data, vehicle model, date etc. Leave column 1l
blank, )

H,K Free fixed point format -

H = Fo. of data pointe

K = Order of polynomlal curve fit to input data
If gero, the program will use sixth order.

Weight of vehicle 1bf |

Sum total of vheel inertims slug £t°

rolling radius of wheels £t
anbient pressure in Eg
ambient tezporature of

2

(1f ths projected frontal area is not known, re.d
in zoro)

wind gpeecd mile/h

wvind direction relative to head.-on deg

All in free floating point format

Card / azd pubsegusul cards

ipput data in free floating polnt format consisting
of N pairs of time and speed points. Put time (s)
first followed by spesd (mile/h),



o7

For a repeat run with new data, put any positive integer in
columns 1 and 2 of the next card.

Repeat from Card 1.

Otherwise, leave the last card BLANK,

An example of the output from this program is given in
Part D, section 4.

Statement mumbars 32 to 102 + 1 of the listed program
concern the "read-in® data given above. Statement mnmbers
102+2 to 1 get the projected frontal srea of the wehicle at
unity if the actual wvalue is not known, that 1s if it has been
read in a6 sero. Statement mnber 1+ 1 evaluated the equivalent
nass of the vehicle and the following DO LOOP down to statemspt
2 setg up tho input data for the polynomial curve fit subroutine
POLY, listed in Appendix B.]1 From there down to statement mumber
106 the input data is printed out for reference.

The coefficients of the sixth order polynomlal curve f£it
at statement mumber 106+1 are given as COF(1), COF(2) ———COF(7).

The DO LOOP down to statement mumber 3 aets X as the vehicle
speed, differentiates the polynomial exprossion to obtain the
vehicle deceleration vhich is then rmltiplied by the equivalent
mass of the wvehicle to give the drag force.- This drag force is
then given the symbol ¥, Statement 107+ 1 fits a second order



polynomial to these X and Y values, The resulting coefficients
COF(1), COF(2) and COP(3) are then reduced, making due allowance
for the head-on wind speed during the test, to give the drag
coefficicnts Ad, Bd and B, These values are printed-cut. 1If
the projected frontal areds of the wehicle is ot known, the
product (E.A) is printed-cut inpstead of K. A4lco printed-out
here is the aerodynamic drag coefficient Cd and the air density
on the day of the test,

Statement rumbers 15+1 down to 19 test the coefficients to
see which of the expressions A.D.1.9, 4.D.1,18 and 4.D.1.22 in
Appondix D.,1 is applicable to the original desta., The appropriate
expression is partially reduced and stored as 4L, GC and AN,

The DO LOOP to statement mmber 7 gives tho symbol X to
the square of the vehicle's relative air speads Symbol Y is,
ag before, the drag force. Statement number 7+ 1 fits a straight
line through the X and Y points from which the drag coefficients,
assuming Bd = 0, are found, Thess drag coefficients are printed-
ocut.

The program between statement mmbers 13 and 117 concerns
the check on the accuracy of the resulte and of the test itself.
Both eets of calculated drag coefficicnts are fed back into the
appropriate V & V(t) expression governing the deceleration test
(see Appendix D.1). The original vehicle speed against time



Lbq

results are compared with the two sets of calculated results
using the two sets of reduced drag coefficients.

Statement runmber 117+ 1 reads in a card which, if blank,
signals the end of the ca:'lculations. 1f, however, a positive
integer is found in either Golumn 1 or Column 2 or both, the
program switches to the beginning and another set of data may
be read-in,
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Constant power curysg
This appendix concerns the design of a drawing instrument
suitable for sketching the conmstant power curves on an engine
torque - speed graph (Fig. E3.1).
.S1nce', for a constant power curve
"P=constant = TxH e AoEelld

the relationship between ordinate (T) and abscissa {H) is

T = const (P) ———— A'E-1.2

N
which describes a hyperbdola.

Mabie and Oovirk (102), in a chapter of their book entitled
"computing mechanisma®, describes the devics shown in Fig. A.E.l.1
as an "inverasion® mechanism, This has been re-arranged to form
Fig. B3.3. A study of the similar triangles (pdb) and (aocp) in
Fig. E3.3 shows that the instrument will produce the relationship
between torque (T) and engine speed (N) given in equation 4.E.1.2,
The product (A.B) bedng proportional to the constant power {(P).

It 15 not necessary to know the value of a constant power line 4n
Figs. £3.2 in order to sketch in the optimum control line,

The geometry of the mechanism shown in Fig. E3.3 may be modified
at mt (0) in order to provide the different constant pouer curves.
These curves are produced by placing the instrument onto a torque =
speed plot with the mt (0) locked. A pencil point is placed in (q).
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Contiming in this fashion marks cut a constant power curve,
Unlocking mut (0) and re-positioning fulerum point (p) before
re-locking and repeating the operation produces a constant pover

carve of a different value,
It 18 envisaged that the instrument could be produced in

plastic-and that it wuld be of considerable benefit if = large
mnber of torque~speed plots required lines of constant powver.

3 + -
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Table A.B,2.1 lists computer program Bl84. The first %call®
ptatement, after the DIMENSION AKND DATA statements, calls up tl.)e
clock built into the ICL 1905, Storage space Il therefore contains
the time, The secord "call® gtatement opens up the graph plotter
attached to the ICL 1905, ready for use. The program then arranges
to execute NCASE different sets of engine characteristics. For each
set, the engine capacity, expected maxirum brake horsepower, whether
the engine curves are expresged as torque or breke mean effective
proegsure curves and finally, whether the engine i1s a8 two or a four—
gtroks, mst be supplieds The value of the expsoted maximum brake
horsepower is used to set up the scale of the ordinate axis. It is
not used in the calculations and so need not be accurate, The figure
supplied by the engine mamfacturer is adequate.

After printing the information read in for refereﬁco pu.rpoaes',
the program calculates "C", wbeing the torque or b.m.e.p. comn;craion
factor in order to obtain horsepower. Next, the minimum and maximum
engine speed values on the existing engine torque (or b.z;.e.p.) plot
are read in, | |

The program arranges ths characteristics tobe plotted suitable
for a report of A4 sise. That is that YINS = 10" and XINS = 6",



The Y-gcale is arranged to read from sero to a round figure
appropriate to PMAX, Similarly, the X=-gcale is arranged to read
from IMIN to a round figure appropriate to IMAX, The value of

XMIBR 45 then modified to give a round f:lgure‘at overy inch of the
X=gcale, 1;e; ého step length, If XMIN becomes negative in the
'procesa; the whole X~scale 15 then moved along until XMIN is :;zaro.
The program then calls UTPAA which draws in the X and Y scales using
the gra;ph plotter. ’

First, the full tﬁrot.tle {or full rack) power curve is dealt withs
The rumber of points (NP) in order to desoribe tha curve 16 read in,
THs 48 followed by the full throttle speed and torque (or bem.e.p.)
points. These are then converted to power - speed polnts using the
conversion factor "C", These points are then suppliéd to the graph
plottar (UTP4B) and the full throttle power 1ine i plotted.

Hext, the mmber of s.f.c. Mnss to be plotted 1s read in (NLIRE),
Then, for each s.f.0. line, the procedure is tllxe same as for the full
throttle line,

After the last s.f.cs line has been plotted, itt_xe ‘cJ‘.ook is again
consulted and the time t.al;:en, in sefonds, :Ea printed out., When all
the engine characteristlics have baez; processed, the program cloges
dovn the grapheplotter by calling UTPCL and stops.

A t.ypj:cal time for the execution of one set of engine characteristics

is in the region of 180 to 220 seconds.

&7/
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This Appendix contains a mmber of engine characteristics
converted from those in the Motor Industrys Research Assocdation
publications by using the computer program Bl8, listed in Appendix

E2. Below are soms motes on each of the plots,

EAgs 4:E:2,1
Peugeot 404, petrol engine, 1961 model
capacity 98.77 in3 1618 oo
bore 3.307 in 84 om
stxroke 2,874 in 73

4 = cylinder, overhead valwe, engine of compression ratio 7.3 to 1
having a single solex carburectter. The englne is water cooled.
Fig. A.E.3.1 should be compared with the original torque - speed
plot re-produced as F:.lg?. E3.1 and E3.2.

Fig, A.E.3.2
1961, Volkswagon VW 1500, air coocled, petrol engins
capacity  9l.1 ir? 1493 co
bore 3.27 in 83 mm -
stroke 2,72 in 69 mn

four cylinders, /4=-stroks, in horizontally opposed pairs.

LIE



Fige f.E.3,3
1964, Simca 1500, 4 stroke, petrol engine
capacity 90 1n’ 1475 co
bore 2,96 1in 752 Em
stroke 3.27 in 83,0 mn

Four cylinder, in line, vertical engine,

1.8.U. Wankel rotary engine (pstrol) EKEM 502
This engine is fitted into the N.S.U. Psgpider® sports cer, The
compression ratio of the engine is 8.6 to 1. The load line on
Fige 4.Bs3.4 1s that of the gpider, taken from Frode (100).

Fios ABE.3.5

M,A.H, Multi<fucl engine, type I0246 MV3A, The engine ig
designed to run on both diesel fuel and petrol and employs the "M®
conbustion system designed by Dr. Je8s Meurer. The curves in Fig.
AEe345 are a result o{f‘}nmnimz the engine on dlesel fusl.

The engine characteristics are umisual in that they resemble those
of a compression ;gn:.tion engine at low speed apd those of a petrol
engine at high en.giixo speed, Nevertheleas, the very low s.f.c. figures
(0,400 maxirmim) and the very shallov gradient of the sefs0. comtours

denotas the curves as basiciily those of a compression ignition engine,
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Eige A.E.2.6
Deuts . FéL 514 Gompresqiox} ignition engine
capacity 487 in® 7983 ce
bo!re 4.33 1in 110 mm
stroke 5.51 in 140

eix cylinder, in-linse, alr-cooled, four.stroke, overhead valve
engine,

Flgs A.E=3,7

G.M.C.  6=71B, 2=-stroke, compression ignition engins
capacity  425.6 in° 6974 cc
bore  4.251n 108 mm |
stroke -~ 5,00 in 127 m

compression ratio 17 1 1

six cylinc{e::a in-1line, water cooled.
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APPERIIX E4
Geg Turbine component match (free power turhbins)

Fige A.B.4.l shows schematically the arrengement of the free
powar turbine machine and the number convention of the stations used
in this Appendix Fig. 4.B.4.2 depicts the gencral shape of the
pressure and temperature characteristica of the conmpressor, of the
conpressor turbine and of the free power turbine. An explanation
for the general shape of thepe curves ard the use:of the non.dimensional
parameters may be found! in text books on gas Hurbine enzines,

The component match study is conducted by first superimposing
the compressor-turbine characteristics onto the c{:mpreaaor character-
istics in order to study the gas generator match, and then by
superimposing the load and the free power turbine characteristics
onto the compressor characteristics to obtain the full component
match atudy.

Dealing first with the gas generator component match .

Gag_generatop match

The compatibllity equations to be satisfied are

rotational speed

8§ 8 = /T e AuBoded

4

Ll



mass flow rate

'hJTf'L = 'hﬁ'za x &1 . l:.""3
P, T 5
Pti. b3 b3 Pt'l
» power .
?tz - Ttl ) cp34 Tt-3 - T’b Tt‘3
- m cp12 " —
T b
t t3 Tty
. /f’
vhere T, = #&as total temperature

= gpecific heat at constant pressure
mechanjcal efficlency

total preasure

r_otat.ional speed

4 = air mass flow rate

482

wmae A,B.4e2

—— aiE.‘.a

It is assumed that the mass flow rate of fuel equals the air

mass flow rate necessary to cool the turbine bearings and rotors.
The procedure now is to search along a particular K/ [ Tt]_

line on the compressor characteristics by trial and error methods

in order to find the point which satisfies tho three compatibllity

equations for a specified valus of T‘ftl' Repeat for other wvalues

of T,.,jli't1 on the compressor charccteristic.

The resulting graph, Fig. A.B.4.3, represents the gas generator
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component match, This glves the all important inlet to turbine
temperature for high compressor efficiency without compressor surge.
The second stage is to deal with the free power turbine and

the load,

" Power Turbine Match
The procedure is, from a plot of the required load horsepower

against power turbine output shaft speed, to obtain the equilibrium
running line on tho gas generator characteristics.

It 15 usual to neglect any "ram® pressure in the engine air
inlet and to assume that the air is expanded down to anbient pressure
over the ;-ee power turbine (i.e. Pt'5 = Py)

Again, tl_:e three compatibility equations are those of apeed,
mass flow rat.eband povers

The procedure from here 1s to search along a Tyo/Ty; line to
find the equilibrium rurning point. In detail, this may be achieved

by
a) guess 8 point on a particular Ttﬂt], line on the gas

generator characteristics,
P,
b)  read off Pyy/Py, ( nﬁ{l)/pbl and B/ (Te,
) from equations A.£.4.1 and A.B.4,2 evaluate
N/ [Ty, and (88 ﬁ;B)/pts




d)

e)

£)

g)

hence fix the point on the compressor-turblne characteristics

and obtaln Pt3 and Tt'lo from i’ts ~Tt4

now obtain
P, P. ;
_t’é = -24. 2‘2 — AvBelyedy

8T, = 8t T, P :
—; £2 x [ B2 — BiEde5
b, Pig Ty Pty

the guessed point may now be loocated on the power turbine

characteristics, from which the speed of the output shaft
(np) may be found from

7
Tﬂ | S, Ty o 8Bubie
Tts Ttl

and the power output from

pover output = m/;h‘ cpl.5- .h U (Tt[. - T‘bﬁ) *
. Ttl

P
t'l, Tt}*

'?L'*. T_t'g .Ttl | ."""" Aseda

L84
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If this does not equal the powar required by the load at
output shaft speed (fp), try enother point on the same Ttafrtl
1line until equilibrium point is found.

Repeat with other TtB/val lires until, finally, the "equilibrium
running 1ine? 1o detersdped on the gas generator charécterist.:l.ca

as shown in Fig. AcBodredie

Fig. A.E.4.4 shows at a glance the overall componsnt match in
relation to the load and the risk of compressor surge during

operation,



APFENDIX F)
Engine = toraue converter match procedur

nt, a Remark

The engine speed is not related directly to vehicle spoed with
an nutomatic transmission. It may however, be caloculated using the
torque converter characteristics and the engine characteristics
sketohed in Fig. A.F.l.l. The E-factor and torque ratio (TR)
characterigtics are uniqué for a particular torque converter and
degcribe fully its performance. The engine torque curve ia shown
and, for convenience, a development of the torque curve known as
the engine K-factor against speed curve is shown. The engine
E«factor is defined as

engine E-factor = engine speed rev/mn
/het engine output torque 1bf 1%

and forms the link between the engime and the torque converter
characteristics. The terque converter K-factor and torque ratio
terms are defined in Part P, section 2,




Ihe ®Direct® Method

The engine and torqus converter are considered as a combined

unit._, called the pover unit. The torque against speed

characteristic of the output shaft from the power unit 1s

calculated as follows.

1)

2)

3)

4)

5)

6)

7)

Agsualing steady state running,
taking specd ratio (SR) as the independent variable, split
the cpeed ratio rangs (1.e, zero to unity) into small steps.

for each speed ratio, consult the torque converter

characteristics and read off the K-factor.

transfer thig to the engine E-factor curve and read off

engine speed (RE)
hence calculate engine torque

consult the torque converter characteristice and rcad off

torque ratio (7R)

multiply engine torque and torque ratic to give output shaft

torque

wultiply engine gpeed by speed ratio to glve cutput shaft
gpeed (No)

427
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8) hence obtain the steady state output shaft torque against

apeed 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

engipe and torque converter caused by the accelerating engine,

W

Methoda, other than the Runge-Kutta-Gill and the "D:lirect"
method described above, may be ;mployed in the vohicle performant;e
calculation of automatic transmissioned vehicles. Two such methods
are despribed below as "Iterative Approach No.- 1% and "Iterative
Approach No. 2%, As their description implies, they are trial
| and error type solutions. Their inclusion here ies largely for
conmpletenssa, they have little to recommend them since the engine
and torque converter matching procedure canmot be separated fron

the vehicle performance calculations,.
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torative Approach No

The engine and the torque converter are treated as geparate and
distinct units. If the wvehicle is accelerating (under full throttle),
ab a particular speed V mile/h. and hence with a known, spscified

gear ratio,

1) calculate torque converter output shaft speed (N;) from V,
gear ratio, drive axle ratio and rolling radius of tyres.
R) guess engine gpeed (N:) and engine acceleration (dNg)
{at )
3) calculate speed ratio across torque converter (Ro/B:) and
net engine output torque (after allowing for engine inertia,

front pump eto.)
4) evaluate engine K-factor

5) putting engine E-factor = torque converter E~factor, read off

gpeed ratio (SR) from torque converter characteristic.

6) from (SR) arnd B, evaluate engine spoed Ny, If Ny is different
from the value assumed above at (2), assume a rew value and go

back to (2)

R
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8)

9)

10)

11)

having obteined Ny abd speed ratio (SR) to the required
accuracy, read off the torque ratio (TR} from the other

torque converter characteristic.

hence calculate torque converter output torque and so
caltmiate the vehicle acceleration and time during speed
intervel dV.

knowing thé time interval and the engine speed at the previous

vehicle apeed (V-dV), calculate engine acceleration,

if engine acceleration 1s different to that aspunmed at (2)

above, assume s new value and go back to (2).

if the engine accoleration 1§ within & specified tolerance,
routine énds and the vehicle acceleration calculated above is

declated the true vslue,

L A
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Iterative Approach No, 2
This is a varistion on Iterative Approaches llo, 1. The speed

ratio of the torque converter is takon as the independent variable
and the speed ratio range split up into steps,

1) for each speecd ratlo, consult the torque comverter curves

and read off the K-factor and the torque ratio (TR)

2) pguess engine acceleration and so calculete the engine

inertia torque.

3) construct the engino K-factor against spoed curve from the

engino torque curve and the engine inertia torque.

4) from this curve and the torque converter E-factor, calculate

engine speed.
5) hence calculate engine torque output from the engins,

6) mltiply this by torque ratio (TR) to give the cutput torque

from the torque converter
7) calculate vehiocle acceleration

8) hence re-calculate engine acceleration and go back to (2)

until the required accuracy is obtained.
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APPENDIX F2

Relationship between percentaze change in output ghaft speed

and toraque dus n engins torque

Consider a particular speed ratio of the torque converter.
Hence (SR) and torque ratio (TR) are known and are fixed.

Let the engine torque drop by a small proportion (a), thus
= X (1 - ‘) [T AOF.Z.I
BT B0

vhere a = ATy
T

Br-o

From the two torque converter characteristics are obtained the

two sets of relationships

T -

°I;0-TB x TEI=° ——— £.F02,2
To ' - TB X T — A.F.z 3

I EI [ ]
and N = SR x —

°%r -0 NEI =0 AF.2.4
N = SR x

oy HE: — AFu2.5

How, if equilibrium running ie assuned euct_n that the torque
converter E-factor characteristic is unique, then the torque

converter K-factor = the engine K-factor.
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Hence,

TN

]
EI - o = N_EI -'""— 5.'0_20_2.6

therefors, using equation A.F.2.1

R
R L x/t° xua.?

/T o .
B
since az.:]_:lf One first term of the binomial expresaion may be

used, hencs.
=N (1 -a) w—— AuFa2,7
EEI EI =0 * ( 5)

putting equation A.F.2,7 into A.F.2.5 yields

Ny =8R x N ° ‘xEl-g)'
1 1=0 2)

Using equation A.F.2.4 glves

E =8 =z (1L-3) e A.F.2,8
b ¢ oI =0 E 2)
Aleo, putting equation A.F.2.1 into A.F.2,3 yields

by = TR x T x (1 -a)
°r EI:-_D

Using equation A.F.2,2 gives
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TOI : TOI = o x (1 - a) S m— AOF.2.9
Bquation A.F.2.9 shows that the percentage change in torque

converter output torque equals that of the engine torque, that

is that
A Top . Ak —— A.7.2.10
T TEI =0
1.0

Equatioh A.F.2.8 phows that the percentage change in torque
converter output speed is half that of the engine torque, that

15 that
AD¥% - AT — A.F.2,11
5
OI - 0 2.TEI - 0

It follows therefore that

DN vy
—_—2 = 2}_ — AJF.2,12
No 2.T°

I=0 I=0
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ACELNDIZ 23

Calculetion of the change in output torgque due to an

slepatins 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
relationships between these two points A and B is known (gee
Appendix F2), However, it is required to £ind an expression
for the torque at point €, Thus

T =T = AT « AT | e AFL3

% % 1 N
The terms in this expression are defined in Fig. F4.3 and cection

Fl.
How, Fig. F..3 shows that, if the change is gmall,

Aty = = (}_‘1‘_2) x AR,
(%,

Note that (\To) i5 negative, usually.,

(\o, )
i.0
ATOM'=- _%3; x By .o * ARy
&OB N°I_-_0
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therefore, using equation A.F.2.12 in Appendix F2

T = - ) x %o x AT,
Aoy Sﬁ“; I1=0 1 ——— A.F.3,2
1=0

How, the slope of the curve at point B is not known directly.
It is not exactly eqlial 1;0 the slope of the curve through A, which
is known, because the percentage change in speed 1s balf that of
torque. Using reasoning identical to that in Appendix F4, it can
be shown tha"b the slope of the curve through A equals that of a
matching study curve through point D in Fig. Fi.3. A emall error
only is incurred in using the known slope through A because the

correction for mis-match (ATOM) is small anyway.

Therefore, it may be said that

A To e - b
u T x K x AT :
g éRO)A oI - 0 ° — AsFe3.3
2,
To; =0

It 48 now necessary to establish a relationship between the
vehicle acceleration (f) and the decrease in engine torque output
due to its own acceleration.

The angular acceleration of the torque converter output shaft
is rolated to vehicle acceleration by
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: &LM A Ac?.3.4

Tr

b § &
< |5

Now the engins acccleration is given by

N A L] L] ]
2 w3 A:F:208
ot A, At '
The engine inertia torque is given by
alg = I, = VN —— 4.F.3.6
3t
Combining equations AoFu3-4, AOF.B'S and A.F0306 yieldﬂ the
relationa.hip ‘ '
a%g. = To x ON; x PxDIRx@ —— AJF.3,7

&No Ty
finally, using equations AOF'2|_2 and A.F.2.3 in Appendix F2,

ATy, = TR x (I, = (3Fg) x £x DR X GR )
7z © (\K) * Ty ; —— AF.3.8

Hm“ATol is expressed in terms of vehicle acceleration (f)

Since the change in torque dus to mis-match (4'1'%) 1o related to

ATo » oece equation A.F.3.3 above, that too may be expressed in
1

terms of wehicle accsleration.
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The térm ( 3¥z/ 3Ky) "in expression A.F.3.8 should be, the
slope of the curve at point C in Fig. P4.4.

It is now posaible to proceed further and obtain the ocutput
torque from the torque converter making due allowance for the
accelerating engine, - Tt

Substituting equation A.F.3.8 first into A.F.3.3 and then
knto A.F.3,1 yields

To = T, 4 (Iox (OBg) x £ x DAR x GR){)r _
° ¥ (3 r tw 225, g?.&
o ? o
o — A.F.3.9

this may be re~arranged to isolate the vehicle acceleration . .

g = gTA-TOQ; TEI_—_O . ry
(TQA-(BT) No I, x (M‘E) x DAR x GR
( é'Ht:) 2y ir)

Sosimen A.F.Bolo

Now the term ( BNE; in equation A.F,3. 10 is known only for point A

in Pig.; F4.4 Appendix FJ shows that the slope at point A equals the

‘glope at point B. However, the term ( Bﬂgg rofers to the slope at

REN

S Nt s Sl Vet

452
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point C. Using the known slope introduces a small error, The
error is small because Fig. F{.4 shows that when the slope is

large at high ei:gine speeds, there is very little difference in
the slopes of the two curves. When the engine speed is low, the
slopes ere small anyways

However, it is possible to mzke some allowance for this error
when calculating the vehicle performance, Baving calcplated the

output torque from the torque converter ('Toc) as described in

section F4, using the approximate slops ( dNp/ MN,) 4 the term

a4 = T
ﬁ\oz

T
°1=0
is known.
Using equation A.F.2.8 in Appomiix F2 and the known polynomial

expression governing the slope of the curve, the slops at C may be

founi from
2be) o g, +2.05 (Leg) )+ 3, ¢ 2,
33 < et P S0 e

It is not necessary to iterate, since the effect of the
difference is very small. It is sufficient to note the difference
and to add 4t onto the calculated slope at the nsxt vebicle speed.

499



Tims the error in one step laﬁgth is applied to the next,
Inclusion of this prﬁcedure altered the cslculated time to

90 mile/h. of a vehicle from 53.0597 eeconds to 53.0733 seconds,
a negligible difference,

Soo



e of ¢ f oengine apeed with outmt o

With reference to Fige. F4.4 in Section 4, the purpose of
this eppendix is to show that the slope of the curve through B
is the same as the slope of the curve through A,

The known polynomial expression linking engine speed and

torque converter output shaft speed is

2 3 ‘
HEI o = by +bae B°I=O+b3. NOI:-_O*bJ.‘ u°I_-_0+ 6tCs === A.F.4.1

thusp

( 3%5) . K 2
(-S_-; - b2 +2.b3 oI:O + 3.b4. NOI.-O + otc, — Aol edie

now, from Appendix F2, equations A.F.2.7 and A.F.2.8

HEI = NBI_-_O x (l-g)

o
"
lzo ‘
N

hence, combining A.F.2,7 and A.F.4.1 and uping A F.2.3
: (1 - g) 1 .a

thus, the slope at B

S0/

etc. "—-A‘FQAOB



)BBI =H2+2-b30 B

. A HOI.

that is that

e,

502

. (B 2
e SR LA SR S
l-a (1-2)
2 ( 2)

— 1=0

( )
(\EBI z }«: b2+2. b3. HOI-O + 3. b‘o HO + otc.

— A'_FO I.. 4

Comparing equation A.F.4.4 with A.t.4.2 shows tho right hand

sides to be identical.

Hence the slope at B = alope at A,
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