AERODYNAMICS & THE GROUP
SEVEN SPORTS CAR

Paul Lamar
Copyright 1968

Lamar Engineering
Manhattan Beach, Czlifornia

Abstract

The interaction of aerodynamic normal and drag forces with tire and chassis
characteristic of a Group 7 sports car and their effect on static stability and
steady state turning are considered. Analytic technigues and ohjective data
are applied to the analysis of vehicle motion. The influence of asrodynamic
drag and download are identified and wvarious methods of applying aerodynamie
download are examined. The author's personal subjective experiences related
to dynamic stability, transient response and frequency response of the Chap-
arral Group 7 car are recounted.

NOMENCLATURE M = cpefficient of friction
Ha = =eTo load coefficient of friction
CF = cornering force - lhs. , v fom 3
p = mass density of air - slugs fft;
2 = lift coefficient
L
DF = aerodynamic downforce - lbs, Subscript
F'x = longitudinal tire tractive force - lbs. F = front wheels
g = acceleration due to gravity - fr.-'sec?' = = rReEEae el
i B ) e =1 1 = 1inside wheels
' P = tire normal load - lbs. O = autside wheels
E = corner radius - ft 2 = longitudinal component
S = murfacs area - !'t,z e R BT S e
| v = wvelocity - ftisec
-3 W = wvehiele static weight - lhs. Sup'ersu:ript
3 5 = tive load tranefer - 1hg: - ' T = walue with no aerodynamic download
§ N = acceleration - g's
i
i
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1. INTRODUCTION

A Group 7 racing car is (according to the
Sports Car Club of America) a car 'designed
and constructed for road racing competition,
offering provisions for driver and a passenger,
basically suitable for driving over normal
roads". Other than certain minimum cockpit
dimensions designed to eliminate the prolifer-
ation of single seat cars, there are no rules
that limit minimum size or weight or rules
that arbitrarily limit the maximum size of
the engine, A typical Group T car is shown

in Figure 1.

Figure 1. A Current Group 7 Rocing Car in the Turn.
Mote Gop under Front Left Wheel

The current Group 7 racing car is typically
135" long, 65" wide, 30" high,
ground clearance of 3.
mately 1400:1bs.

and has a

It weighs approxi-
empty and is powered through
5 speed spur gear transmission by a 350 to
430 cubic inch V8 engine,
developing 500 to 600 HE.
gravity is located 14" te 15" above ground
level and &65% of the 90" wheelbase behind the

front wheel centerline:

mounted in the mar,

The center of

It carries 45 to 55
gallons of 100 octane gasoline (pump gasoline
is required by rule) and gets 4 mpg at racing
speeds of 30 to 190 mph. A typical race
length for Group 7 cars is 200 miles with no
pit stops required. The average speed of a

typical race is 110 mph.
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Racing tires used on these cars are mounted
an 8.5" to 10" wide wheel rims at the front
and 12" to 15" wide wheel rirms at the .rea-:,
The diameter of the rims is 15" in both cases.
The outzside diameter of the front wheels is
approximately 24" and that at the rear, 26",
Tire and wheel weigh an averape of 40 lbs,
each.

From an aerodynamic point of view a Group
7 car has a frontal area of about 13 t'tz and a

drag coefficient of .5. In plan view, it has
an aspect ratio of (.4, a projected area of
&0 i't2 and a "wing loading" of 25 lb.-"ftz. 1
mention these analogies because the lift char-
acteristics of the Group 7 racing car are
proving more important than the drag char-
acteristics. This is a direct result of the

relatively low wing loading.

This paper will attempt to give insights to the
aerodynamic factors that affect the maximum
steady state cornering ability of the Group 7
racing car and will consider simple stability
criteria, a general treatment of stability and
control theory being beyond the scope of this
paper. This subject is adegquately -::Uw_-red‘,-

for example, in References (1} and (2}.

2. STABILITY

For the purpose of this discussion it is
assumed that a car will be directionally stable
and comfortable to drive if the ratico of maxi-
mum available cornering stiffness (deviation of
the lateral force with respect to slip angle) to
static weight at the rear axle of the car is greater
The car

feals stable to the driver under these conditions

than the same ratio at the front axle.

because the lateratl force as the result of a steer-
ing input produces a secondary inertial yawing
motnent which tends to resist the turn of the race
car. A slightly unstable car can be useful at low
speeds as it usually has a faster transient

response. This assumption ignores lateral

-
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asrodynamic forces due to yaw as they are
negligible relative to the tire lateral forces
and can be compensated for by small changes

in maximurm lateral tire forces.

Steady state stability as opposed to dynamic
stability and response is emphasized for sev-
eral reasons. It is usually necessary to
achieve steady state stability or static stability
before attempting to mn;:lify the dynamic sta-
bility. Achieving steady state stability of an
accelerating high powered race car is not easy.
When steady state stability is achieved there
is a strong incentive to accept the damping
and transient response inherent in the basic
car. This is a result of the fact that some
of the many parameters that affect these
characteristics may not be changed by the
designer of a Group 7 car. Wheel base,
tread width, moments of inertia and tire
characteristics are all determined by the
more important eriteria of minimuwmn size,
weight and maximum cornering speed. The
interaction of these varipus parameters is
discussed by Nordeen in Reference (3). Fur-
thermore, the driver of a high powered race
car affects the dynamic stability by his use of
the brakes, accelerator pedal and the trans-

mission gear ratio he chooses.

3. OFERATIONAL MODES

The operation of & Group T race car can be
Although

they will be considered

broken down into five basic ‘modes.
there is some overlap,
individually for clarity. -The first mode is
full throttle acceleration from a speed of 30
mph, which is the Eplaed of the slowest corner
usually found on the majority of race tracks,
to a speed of about 100 mph, which coincides
with the cessation of potential spin of the
drive wheels, During this mode positive
longitudinal acceleration is limited to about lg
by the static weight on the rear driving wheels,

longitudinal tire lgad transfer, the tire's coef-

27

ficient of friction, and a little assistance- from

aerodynamic downforce abowve about 50 mph.

In the second mode, from 100 mph to the top
speed of the wehicla, acceleration is limited

by awvailable hp and is approximately inversely
proportional to speed, dropping to zero at the
top speed of the wvehicle. Full throttle aceel-
eration in a straight line occupies the majority

of the time it takes to complete one lap.

Braking for an impending corner at the rate

of about 1.1g is the third mode, and the fourth

is partial throttle, constant speed operation
from the end of bl:&k.ing to approximately the
apex of the cormer. The fifth mode is partial
throttle acceleration from the apex to some

point near the beginning of the straight where

full throttle acceleration begins.

4. TIRE CHARACTERISTICS

To appreciate the role aerodynamic forces
play in the cornering and stability of the race
car it is necessary to study the known char-
acteristics of race car tires, In the past,far @y
too little consideration has been given to the
interaction of aerocdynamic forces with the
characteristics of wehicle tires. This inter-
action has a profound influence on the handling
characteristics of passenpger cars as well as
race carg. It has been shown, References (4)
and (5},

have a

for example, that pneumatic tires

maximurm lateral coefficient of friction
that varies in a mnearly linear manner with
normal load, This, variation takes the form

of a2 linear reduction in coefficient of friction
with an increase in normal load assuming var-
iable slip angle and optimum constant camber
That

angle, is,

i '“u - mP (1)

where [, is an extrapolated zero load lateral co-
efficient of friction and m is the constant rate of
the lateral coefficient of friction's reduction

P.

with load, The camber anple is usually



held within insignificant variations of the

optimnum by suspension geometry and antirell
bars.

The slip angle is the angle between the plane
of .the wheel and the tangent to its path of

travel and is shown in Figure Z along with the
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hufws s Farce
Cornering
Force

Figure 2. Schematic of Vehicle Force System

horizontal tire and vehicle forces. Figure 2
ipnores the small geometrical difference in
slip angle between individual wheels which
regults from finite wheelbase and tread width.
This is justified because these dimensions are
very small relative to the majority of corner
radii, The necessary slip angle of a tire
developing a given lateral force iz a complex
function of normal lead, tractive force, cam-
bher angle and the basic tire to road coeffi-
cient of friction. Some of these functions are,
for the most part, unknown [or racing tires,
Roll steer, deflection steer (there is no longer
any rubber in the suspension bearings of pure
race cars) and bhump steer are all minimized
to prevent uneven road surfaces from steering
the car and, therefore, so is their interaction
with the changing =lip angles that modify the
transient handling behavior of the passenger

car. Changes in the rear slip angle that

affect the equilibrium are immediately com-
pensated for by the driver's changes in
throttle opening or steer angle tos re-establish

equilibrivm. Changes in maximum possible
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lateral force will, in general, modify the
cornering stiffness [the derivative of the lat~
eral force with respect to slip angle) in the

same direction,as shown in Reference (4].

Most analyses of automotive stability have
traditionally employed slip angle as an inte-
gral part of their construction. The driver
of a car is not directly aware of the exact
magnitude of the slip angles at any given
moment, It therefore would be far better to
relate the handling of the car directly to its
response to the controls or lateral accelera-
tion rather than the slip angles. Furthermore,
the non-linear nature of the slip angles
severely complicates analysis when they are
employed as independent variables. In the
opinion of the author, a far better independent
variable would be the lateral acceleration of
the car. For these reasons every attempt
has been made to factor out or bypass the

discussion of slip angles in this paper.

The basic tire equation for the cornering

force is

f e -
CF .-\U.I{q_uu - mP)P]" - E (2)

It iz seen that in addition to a sensitivity to
narmal load, the tires are also sensitive to
transmitted torgue or lonpitudinal thrust, F,.
This characteristic has been examined by Ellis
in Reference (7). DMathematically the sensi-
tivity takes the approximate form of a circular
function at the wariable slip angle and camber
angle of maximum cornering force. Maxirmum
cornering foree, for one tire is therefore a
function of '”o’ m, P, and F, where it ig
noted that the normal load P is in turn a
function of static weight, tire load transfer and
aerodynamic lift or downforce. The most signifi-
cant factor is the longitudinal tractive force F,
since a race car is usually in a continual state of
high acceleration. In addition fo accelerative

tractive force there is that tractive force re-




quired to overcome aerodynamic drag, rolling

resistance and tire induced drag while cornering.

5. AERODYNAMIC INTERACTION

5.1 LOW SPEED ACCELERATION

During the first mode of Lthe

operation,
periad of full throttle aceceleration, and there-
faore, large amounts n_:' tractive force, from
about 30 mph to 100 mph, the rear tires are
capable of providing very little cornering

Therefore, the car is unstable

stiffness. VEeTry

Large demands are made upon the driver's
ability to keep the car "pointed down the road!
Yaw disturbances in this mode are caused by
local variations in the basic coefficient of
friction, wind gusts and uneven road surfaces
affecting the normal loads on the driving rear
tires. MNormal load change on one or the
other of the rear tires affects the longitudinal
tractive force on that rear tire which in turn
causes a yaw moment and a path deviation,
Low suspension spring rates lower tire normal
A

load change with uneven road surfaces.

further reduction in steady state instability in

this mode of operation is caused by the re-
juction in noarmal load and therefore cornering
stiffness at the front tire patches with an in-
gcrease at the rear due to longitudinal tire
load transfer. This reduction in normal load
at the front is about 33% for a typical Group
7 car gperating in this mode. The driver
corrects for yaw disturbances by releasing
some throttle opening which increases the
lateral force and the cornering stiffness of the
rear tires andfor by steering into the yaw.
Some help is provided by the one-half of one
depree toe-in generally used at the rear
wheels. This acts much like outwardly offset
thrust lines on twin engine aircraft would.

5.2 HIGH SPEED ACCELERATION

In the second mode of operation full throttle
zcceleration from 100 mph te' the top speed

of the race car, the magnitude of longitudinal
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acceleration is reduced linearly with x-'i:lcht:itv.
from about 1 g to zero. Front cornering

sliffness is increasing due to increasing nor-
mal load, Rear cornering stiffness is a com-
plex function of aerodynamic downforce, drag
and pitching,longitudinal acceleration, and

thrust. Figure .3 is a plot of this relationship

for a typical Group 7 race car with and with-

out aerodynamic downforce. At the higher
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Figure 3. Relative Cornering Stiffness Voriotion
With Speed for o Typical Group 7 Race Car.
speeds the designer can control the steady
atate stability by use of aerodynamic normal
All

aerodynamic downforce at the rear or a lifting

forces. rear drive cars require either
nose to prevent decreasing static stability

with speed. The exact amount of downforce
required on the rear wheels for a particular
of

rear drive car is a function of the ratio

car drag to static weight on the rear wheels,
Otherwise equal cars with a higher percentage
of static weight on the rear wheels require
lezs downforce to insure stability. This
usually results in a more rearward located
center of grawvity which generally results in
an "aerodynamically'" unstable wehicle in yaw.
In this connection some attempts have been
made to use tail fins to increase stability in
these speed ranges. Most of these attempts
have failed because the lateral restoring force
per degree yaw or aerodynamic stiffness and
the damping was not high enough. These

failures are partially the result of considering




the car an aerodynamic entity rather than a
tire-aerodynamic system. It would require a
tail fin of approximately 10 sq. ft. in area
with an effective aspect ratic of 1 or better to
approximately equal the cornering stiffness of
a pair of undriven rear tires in this speed
range. The same effect 3s undriven rear
tires can be achieved at high speeds by a -well
designed small wing exerting down force.
would seem to

Front engine, front wheel drive

offer a solution to this problem as the corner-

ing stiffness of the driven front wheels is re-

duced with thrust and therefore stability is

increased. Closer examination shows that this

isg not a desirable solution. The front wheel
drive car suffers from longitudinal tire load
transfer towards the rear wheels while accel-
erating resulting in a loss of maximumn tradion
at low speeds., Braking promates tire load
transfer to the front wheels resulting in a fur-
ther decrease in overall coefficient of friction
and hence an increase in stopping distances
from any given speed. Furthermore, the
driver must be placed high enough to have
adequate visibility over the larger front wheels
and the engine which must be placed at the
front for the necessary static weight. This
bulky arrangement results in additional frontal
area, difficulty in achieving front asrodynamic
downforce due to the shape of the car, and a
higher center of gravity. At the present time
there are no successful front wheel drive pure

racing cars.

Four wheel drive is another possible solution
and & very admirable one in many ways.

Further discussion of this arrangement is

given in Reference {8). Four wheel drive
cars are less sensitive to poor road condi-
tions such as water and oil than gn aerody-
rear drive,

namically compensated, rear

engined car would be. Four wheel drive cars
would need lezs aerodynamic downforce to

achieve the same maximum cornering force.
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However, weight and size on Group 7 cars
are very undesirable and both weight and
wheelbase would be sgreater with four wheel

Cin

Indianapolis,

drive. racing cars such as those used at

Le Mans and Grand Prix races,
all of which hawve minimuam weight limits,
four wheel drive may find applications, pro-
viding the racing car engineers can design
thermn to be reliable at their minimum weight
limits. At the present time they are finding

that hard to do with only 2 wheel drive,

5.3 BRAKING

During the third mode of operation, braking
for a corner, the steady state stability of the
race car is adjusted by changing ﬁe ratio of
braking torque between the front and rear
wheels. The longitudinal tire force F‘.{ of
Equation (2) which now applies to both front
rear wheels,

and represents braking tractive

force in this mode of operation. The exact
ratio, chosen in the pits for a specific course,
is a function of aerodynamie longitudinal

normal load distribution, which in general will
The

braking torgue ratie will alsc vary with static

vary with pitch as the result of braking.
weight distribution, longitudinal tire load

transfer and basic tire to road friction char-
acteristics. A more detailed discussion of
these effects is given in References (9) and
(10).

front wheels increases steady state stability.

An increase in braking torque on the

Lateral static weight distribution must be
equalized to prevent yaw moments. Suspensim
spring rates must also be matched laterally
to prevent unequal tire normal lsads as the
result of piteh that might also cause yaw
moments while braking. Severe deceleration
ig seldom attempted while the car's lateral
acceleration is appreciably different from zeroc
because, as shown in Reference (11}, to do so
would cause a loss in total lateral force and a
yaw moment on the car due to lateral weight

transfer., Application of generous amounts of
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aerodynamic downforce canm of course improve
the overall braking performance of the race

car.

5.4 STEADY STATE CORNERING

The [ourth mode was stated to be neutral
throttle coasting in gear from the cessation of
severe braking to approximately the apex of the
gorner. This is not strictly true for all cor-
ners, drivers and cars. Some rear tire trac-
tive force is usually necessary to overcome
front tire and aerodynamic drag to maintain
constant speed. Some drivers prefer to brake
slightly during this mode while other may
prefer slipht acceleration. In general, how-
ever, very little longitudinal tractive force is

applied to the lires in this mode,

The equation for maximum cornering force at

the front wheels is -

B g
X +
T T 2
r :. e
4 i v |§. + E’i _!-_:E...E-
AT L - e Z
W b DF
F x F
&l b {3)

The cornering force on the front tires is seen
be a function of static weight distribution,
gerodynamic download, drag and pitching

moment and longitudinal acceleration,

In general, tire normal loads F‘D and P]

‘not equal due to lateral tige load transfer

the car is cornering. The load increass
on the outside tire is usually directly propor-

Bionzl to the lateral acceleration and that on

the inside tire inversely proportional. At low

speeds the aerodynamiec loads are quite J_r_.w.'
and therefore the rate of lateral tire load
transfer has a pronounced affect on the cor-
nering force of the front suspension. This
sensitivity has also been pointed out by
Nordeen and Cortese, Reference {12). The
designer has contrel of the fromt to rear ratio
of this lateral rate of load transfer by means
of the suspension springs and geometry he
choses and the size of the anti-roll bars.

The use of the rate of lateral load transfer
neatly by-passes any need to know details
about the spring rates or SuUspension geormersy
of the vehicle in question. At speeds over
approximately B0 mph the aerodynamic lift
characteristics of the nose of the car is

the predominating influence on r.h-e.‘max".ruum

cornering force developed at the front axle,

The situation at the rear in the steady state
cornerifig mode is quite similar to that at the
front except that much more aerodynamic down-
force is required to compensate for increased
statc weight and the tractive force required

to overcome front tire and aerodynamic drag,
Care must be used in applying large amounts
of downforce as excessive induced aerodynamie
drag can negate the benefits on long sweeping
high speed corners®™hat require the driver to

maintain speed through applied tractive force,

The equation for the maximum cornering foree
at the rear wheels is
1_'!

CFg = Hro Fro " Yri Fri

Wo 5, DFp 5 L
3 e e e R
W 5 DF
R R
+1{ [“GR Sl il T :]
Wp 8, DFy e 2 i
Nt Fg b (F @




It is important to nole that the cornering
force on the rear tires is strongly affected by

the power applied.

Eguation (4} is plotted in Fipure 4 for a typi=-
cal Group 7 race car without downforce. The

gtr:

ight lines are plots of rear lateral tire
lpad transfer and the intersection of these
lines and the curves is the cornering force as
a function of tractive f-&ru:e and is plotted in
Figure 5. Again the individual tire normal

loads (P are functions of the static

1)
1R RO
weight, the lateral acceleration of the wehicle,
the longitudinal acceleration and aerodynamic

normal loads.
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Figure 4. The Effect of Tractive Force and Weight
Transfer on the Comering Force of a Typical Group
7 Roce Car
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Figure 5. Comering Force ot o Constant Ratio of
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The desipner can adjust the ratio of front rate
of lateral load tranzfer to rear rate of lateral
load transfer to adjust the low speed handling
characteristica of the race car. Keeping the
ratio of front rate to rear rate as high as
possible maximizes the cornering force at the
rear. This improves overall car performance
as the rear cornering force is usually the lim-
iting case The optimum is complete front
lateral load transfer (inside front wheel clear
of the ground} on low speed corners. It is
then sometimes necessary lo increase the front
wheel rim and/or tire tread width to increase
front lateral force. The balance of front to
rear lateral forces is usually adjusted at low
speeds for slight instability which promotes
rapid transient response, On high speed cor-
ners the aercdynamic downforce on the front of
the car places the inside front wheel firmly in
contact with the road and the disproporticnately

increased downforce at the rear promotes in-

creased stability.

Biih .-"-‘;CCELERATED TURN

The fifth mode, partial throttle acceleration
while turning, is not always distinguishable
from the fourth. [f the driver enters the cor-
ner at a higher speed than that which would
enable him to negofiate the corner without
leaving the road, he may 'throw' the car
glightly more sideways than nsual and scrub
off speed with the lateral force capahbilities

of the tires, The path of the car's center of
gravity would then be a decreasing radius
spiral. If this scrubbing action iz allowed to
continue too long it then becomes necessaTy
to mccelerate while still turning. Variation
in corner geometry such as an increasing
radius can also lead to the need for longitudi-
nal acceleration while the car is still turning.
The equations are the same as in the fourth
mode. The rear lateral force is increased
slightly by longitudinal tire load transfer and
decreased by the additional tractive force.

The front lateral force is decreased rather

-
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more by positive longitudinal tractive force
than the rear iz increased relative to their
static weights. The path of the car's center

of pravity will be an increasing radius spiral.

5.6 AERODYNAMIC DOWNFORCE IN THE TURN

Ignoring stability, leoad transfer and wvariable
lateral coefficient of friction with tractive force
and load and using the:'maximurm acceleration
without downfaorce, the equation for the maximum
cornering speed as a function of corner radius

and aerodynamic downforce is

e = - [5)
max "‘nlullll e (bCL)
Sy Tl

There exists a critical aerodynamic down-

force loading

(SCL> ot R (6
W fepsr upER n?,ogR )

at which an infinite cornering speed salution

exists. This possibility may prove difficult
to achieve in practice because of induced drag
and reduction in M with the greatly increased
normal loads. When applied to a typical road
race track situation infinite cornering speed
may not always be necessary hecause the high
speed corners following the wvery low speed
carners are likely to be acceleration limited.
That is, due to a limited weight and drag to
horsepower ratio the car is unable to acceler-
ate to a speed, bhefore it reaches the high
speed corner, that will appreciably tax its
high cornering ability. In fact, some high
EFE-"E'-'-"- corners on certain race tracks are now
acceleration limited for the Chaparral, which
has a relatively sophisticated aerodynamic
system. In the past it was necessary for the
driver to slow down before attemnpting to
negotiate certain corners. This is no longer
true even though the cars are capable of

preater acceleration between corners.

180
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Figure 6. The Effect of Aerodynomic Download
on Comering Speed
Figure 6 is a plot of Equation (5) for a typical
Group 7 car for downforce loadings less than

critical.

To further illustrate with actual data the in-
crease in performance possible, Table 1 helow
consists of hand stopwatch times talken at
Stardust International Raceway, Las Vegas,
Mewvada in 1967 during the Stardust Grand Prix
Can-Am series gualifying. The times are in
seconds for an arbitrary distance through the
approximately 135 mph turn one. To put
these times in perspective it is necessary to
realize that as little as .l second (approximate

lap time 1 minute, 30 seconds) separates one :

TABLE I

TIKES THROUGH A 135 MPH TURM - STARDUST
INTERNATIONAL RACEWAY GRAND PRIX CAN-AM
SERIES QUALIFICATIONS, 1967

?E:fr Time - S=cond=

Andretti : ;

Honkar 45 45 45 43 4B 45 43

piaren | 41 44 42 4D A1 44 40 42 4D 4D
o S T T T .
i | RS RIS RF IR A Y e
(=1

o 41 43 43

Titus TR

Cobra 48 43 4 40




qualifying peosition from another and that it is

only necessary to be several feet ahead at the
end of 200 miles to win the race. This data

illustrates the clear superiority of the Chapar-
ral relative to its competitors at high speed

cornering.

6. AERODYNAMICS AND SUSPENSION

There are many problems encountered when
attempting to apply aerodynamic downforce to
race cars. High values of downforce applied
to the body depress the wehicle's suspension
springs reducing suspension travel for bhumps
and reducing ground clearance, There are
problerns with wheel camber as well. Normal
suspension design practice is to arrange the
suspension linkage so that the wheel remains
as nearly wertical to the road as possible
when the body and chassis roll in high lateral
acceleration corners. BReferences (13}, (14),
and (15} treat the problems of suspension
systems in maore detail, Unfortunately the
same suspension geometry that holds the
wheels wertical alsoc causes them to tilt inward
at their tops when the chassis and bedy are
deflected downward on the suspension springs.
This leads to uneven tire wear and a reduction
in cornering force. These problems have been,
partially solved in certain Group 7 cars hy
stiffening the suspension springs bevond that
which would normally give the best roadholding
without dewnforce. A second solution and one
not gquite so common but gaining favor is to
I:.DF:"\]'BI'I"DI‘"."HF\.EE the 5',,|5].'.I&T".5'i.ﬂ'l'l genmet:"y so that
the wheels do not tilt in guite so far and hence
improve the owverall average maximum corner-
ing force and reduce uneven . tire wear.

Another possible solution is a constant ride
height dewvice that automatically keeps the

chassis at a predetermined ground clearance.

The solution Chaparral chose was to apply
downward force directly ta the wheels with a
wing and struts, thereby bypassing the suspen-

sion springs. Howewver, this approach created
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more problemms. The high vertical accelera-
tions of the wheels caused the wing linkage to
fail several times before it was fully dévelq:-:cl
to cope with these forces. The low pressure
area between wing and the rear body work
over the engine caused the rear of the body
to lift. This rear body lift in conjunction with
the downforce, on the nose depressing the
front springs, caused the body to pitch nose
down at the front. This nese down attitude
had seripus consequences as the downforce on
the nose at any given speed is a sensitive
functien of the height, from the ground, of the
stagnation peint. The result of all this was
that the downforce on the nose was sometimes
proportional to the car speed to the fourth
and even the sixth power rather than the
square of car speed, as would normally be
expected. This problem was attacked in
several ways - by venting the rear engine
cover thereby reducing lift on the rear of the
body, by installing a small rear body air dam,
the downforce of+:which helped balance the
front downforce and therefore prevent body
pitch, and finally by installing dewvices that
relieved front downforce aerodynamic pressure

at a predetermined speed.

7. LIFT/DRAC RATIO

The most important problem of all in applying
aerodynamic downforce to the racing car is
achieving a Wgh ratic of maximum lift to min-
imum drag. One solution is to employ a
movable surface. This device must operate
from minimum drag to full downforce on the
order of a tenth of a second and not upset
the balance of front to rear cornering force
as severe instability would result., It must
also be readily controlled by the driver who
at the present time has plenty to keep him
busy. Since weipght and unreliability are
undesirable in Group 7 cars, this depree of

complication may not be worth the effort.
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Another approach is to reshape the body to
have as much fixed downforce as possible

without incurring excessive induced drag as
for example in Reference (l6). Figure 7 is
the approximate center line pressure distri-

bution of a Group 7 car so shaped.

+ Paitive Fressurs
—  Megatve Pressure

Figure 7. Schematic of the Pressure Distribution

on a Typical Group 7 Race Cor With Download
Raising the riding height at the rear of the
car gives the hody an attitude that is known to
the hot rod fraternity as a '"'rake". This rake
relieves the positive pressure under the front
of the car and enhances the negative pressure
under the extreme rear thereby promoting
downforce. Rake is not used on Group 7 cars
to any large extent because it raises the
center of gravity and therefore reduces the
low speed cornering ability. Rake is used on
stock cars because rules prohibit modifying
the body and stock cars seldormn corner at low
speeds. Gaining a high inherent downforce to
drag ratio will be hampered by the Group 7
race car's poor aspect ratio and necessarily

small ground clearance.

8. AERODYNAMIC TESTING

Use of a conventional wind tunnel to develop a
high downforee to drag ratio and stability has
in the past resulted in rather poor results,
References (17} and (18). These poor results
are probably a consequence of the small
ground dearance and the interaction of the
longitudinal thrust characteristics of the tires
with the aerodynamics of the wehicle. Figure
B is an approximate plot of the car center line
pressure distribution that might be measurad

in a2 wind tunnel and the actual center line

3
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Smal Sceae Wind Tunnel bodel

+ Positive Pressure
= Megative Pressure

Full Scale Road Test

Figure 8. Schematic of the Centerline Pressure
Distribution, Medel and Full Scole

pressure distribution of the same car as
tmight be measured on full scale road test,
There will in general be an increase in posi-
tive presszure beneath the front of the car as
a consequence of the changed air wvelocity
gradient between the road and the car. This
pressure difference results in poor correlation
between tunnel lift and drag measurements and
full scale tests, The tendency of engineers to
consider the car as an aerodynamic entity and
not as a tire-aerocdynamic system alsoc leads
to poor correlation because of the tractive
effects on tire lateral cornenng force. Per-
haps a chassis dynamometer driving a high
speed movable ground plane at the speed of

the tunnel air would help,

Full scale road tests are probably the best
method for developing the aerodynarmie char-
acteristics of the Group T race car. Down-
force or lift can be measured while the car
ig driven at steady specific speeds on wind-
less days with suitable instrumentation that
15 capable of translating mean suspension de-

flection to downforce or lift.

Drag can be measured by the technique of

"coast down" wherein the car is allowed to
coast from a specilic szpeed on a windless day
while the deceleration is recorded as a func-

tion of speed. Knowing the weight and rolling




registance of the wehicle the drag can then be
calculated,

References (19} and (20).

This technigue is described in
One way of meas-
uring the rolling resistance is to place the
car in a large box on wheels to protect it
from aerodynamic drag and towing the car

within with a dynamomeater.

9. SUBJECTIVE HANDLING
My cwn subjective impression of driving the
Chaparral at less than racing speeds on the
Midland test track during several hundred

miles of aerodynamic testing were gquite en-

lichtening. The Chaparral is an order of
magnitude improvement above the average
passenpger car in transient response, frequency
response and dynamic stability. The car
feels better at a constant 120 mph than an
averape passenger car does at 60 mph. There
is no tendency for the car to wander or drift
out of its lane. The car responds to steering
input immediately and without discernible orer -
shoot or oscillatisns. The ride is guile corn-
fortable due to the low suspension frequency
used and the form fitting seats. At racing
speeds the complexion of the car changes
completely. WViolent longitudinal and lateral
accelerations make the car extremely uncom-
fortable for a passenger. High speed corners
are taken at what appears to be impossible
speeds., Confidence in the driver is sbsolutely

essential,

13, CONGCLTSION

1. The racing car must be considered a com-
plete system rtather than just a mechanical

entily or an aerodynarnic entity to realize its
full performance and stability potential. Spe-
cifically, an "aerodynamically" unstable car 1is
not necessarily an unstable car since there 1s
an interaction of tire and aerodynamic forces

which determine overall car stability.

2. Aerodynamic normal force rather than

drag is the eritical design parameter since

larger gaing in overall lap time performarce
can be pained by reducing cornering times
through use of aercdynamic download than by
reducing drag. Significant overall perforrance
gains can still be achieved even though apply-
ing aerodynarmic einwr‘.lnaci may lead to an in-

crease in drag.

5t Auch more tire data, cornering force as
a function of thrust, slip angle, camber angle,
normal load, rim width, ete. is needed to
reach a thorough understanding of the overzall
interaction of the aeradynamics of a vehicle

and its stability.

4, Method: must bhe found te improve the
correlation of wind tunnel measurements with

actual wvehicle performance and stability,

REFERENCES

[N Research in Automobile Stability and

Control and In Tyre Performance,

Proceedings of the Automobile Division,
Th® Institution of Mechanical Engineers
(London}, 1956-7, Mo, 7

(2] Bergman, Walter, "The Basic MNature of
Vehicle Understeer -Oversteer, ' 1965
International Automotive Engineering
Congress, Society of Automotive Engi-

neers, January 11-15, No, 957B

{3) Mordeen, Donald L., "Vehicle Handling:
Its Dependence Upon Vehicle Pammeters,'
Detroit Section Junion Activity Meeting,
Society of Automotive Engineers, Feh-
ruary 3, 1964, Na. 5405

(4} Nordeen, Donald L. and Anthony D,
Cortese, "Force and Moment Character-
istics of Rolling Tires," International
Summer Meeting, Socity of Automotive
Enpgineers, June 10-14, 1963, No. 713A

-




(7}

(8)

(3}

(10}

—
%)

Donald L.,

Lateral Forces and Interpretation of Ex-

MNordeen, "Analysis of Tire (13)

perimental Tire Data,'" Automotive
Engineering Congress, Society of Auto-
motive Engineers, January 9-13, 1967
Ne. 670173

"¥ehicle Directional Contral Behavior (14)
Described in More Precise Terms,"

SAE Journal, February 1964, pp. 26-33
Ellia; FroRay
Antomobile Engineer, May 1963,
182

"Understeer and Overseer,"

pp. 178-

{15)
Bourke, P. IJ.,
-Wheel Drive?'" Autornobile Engineer,

May 1965, pp. 1B0-183

"Rear-, Front- Or Four

Proceedings of the Symposium on Contral

]
of Vehicles During Braking and Corner- (16}

ing, Automaobile Division, The Institution
of Mechanical Engineers [London), June
11, 1963
Lister, E. D,

Control When Braking," International

"Retention of Directignal

Automotive Engineering Congress, Society
of Automotive Engineers,

1965, MNa. 2634

January 11-15,
(17)
Francia,

Giovanni, "Vehiele Agcelera-

ticns, " Automobile Engineer, August 1963,

pp. 407 -412

D. L.

"Small Differences in Tire Properties -

Mordeen, and A. D. Cortese, (18]
Larpe Differences in Vehicle Handling, "

SAE Journal, July 1963, 7134,

pPp. 83-90

Paper No,

7

Hales, F. D., "A Theoretical Analysis
of the Lateral Properties of Suspdnsion
Systems," Automobile Division, The
Institution of Mechanical Engineers,
(London), Proceedings 1964-1965, Vol.

179, Part 2A, No. 2

Ellis; . R.,

Dynamic Properties of Vehicle Suspen-

"An Introduction to the

signs, ' Automebile DHvision, The
Institution of Mechanical Engineers
(London), FProceedings 1964-1965, Vol.
174, Part 24, No. 3

Liverrmore, Donald F., ""Load-Deflection
Characteristics of Vehicle Suspension
Syatems, " Automotive Engineering Con-
gress, Society of Automotive Engineers,
January 9-13, 1964, No. 670022
Roberts, Sean C., "An Investigation of
End Plates to Reduce the Drag of Planar
Wings," The Aerophysics Departrnent,
Mississippl State University State College
for U.5. Army Aviation Material Labora-
Eustis, Virginia (USAAVLABS
Technical Report 65-79),

Research Report MNo. 58

tories, -Ft.

Aerophysics

Kessler, Jay C. Wallis,

"Aerodynamic Test Technigues,'" Detroit

and Stanley B.

Section Junior Activity Society of Auto-
motive Engineers, February 7, 1966,
Mo, 660464

Spear, Peter and A. C. BRudd, "Some
Aszspects of Motor Racing Research,”
produced for Engineering Deweloprnent
Facility, Rubery Owen & Co., Ltd.,

1966




(183) Heerner, 2. F., Fluid-Dynamic Drag, Forty -Eight Automobiles," The Aero-

published by the Author, 1965 physics Department, Mississippi State
University, June 1964, Research MNote

{Z0] Cornish;, J. J., III and €. B. Fortsaon, MNa. 23

"Aerodynamic Drag Characteristics of

The discussion of this paper was deferred to the panel discussion period
where the general subject of Group 7 car performance and handling

qualities was treated in detail.

38




