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Aerodynamic Design of a Land Speed Record Car

T. P. Torpa* anp Tuomas A. MoreLt
Illinots Institute of Technology, Chicago, 1.

Over-all aerodynamic design considerations of The Blue Flame, a car which holds the
world land-speed record, are discussed. Lift, drag, acceleration and deceleration character-
istics are presented. Estimated drag coefficients and wind-tunnel results on a z5th scale
model are compared with data measured during an actual speed run of The Blue Flame.
Actual subsonic drag was found to be slightly lower than predicted.

Introduction

N October 23,1970, The Blue Flame experimental car
was driven across Utah’s Bonneville Salt Flats to a
new world land-speed record of 622.407 mph. The Blue
Flame is powered by a rocket propulsion system using lique-
fied natural gas (LNG) for fuel. The fuel is oxidized with
hydrogen peroxide. The Blue Flame’s engine weights 770 lb
and can develop 58,000 hp. The vehicle is 38 ft 2.6 in. long,
stands 8 ft 8 in. high at the tail and weighs 6500 lb, dry. It
‘was built by Reaction Dynamics, Inc., of Milwaukee, Wis.
T. P. Torda and 8. C. Uzgiris of the Illinois Institute of Tech-
nology were responsible for the aerodynamics and mechanical
design.

Aerodynamic Design Considerations

The aerodynémic shape of The Blue Flame (Figs. 1 and
2) was determined in three phases: preliminary aerodynamic
design; wind-tunnel tests; and, final shape determination

Fig. 1 The Blue Flame on Bonneville salt flats.
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due to structural and space requirements. During the pre-
liminary design phase, results of some pertinent high-speed
sled experiments were used.

Hermann et al.,!=® have established that besides its de-
pendence on the angle of attack, the lift coefficient at super-
sonic speeds varies directly with the square of the fineness
ratio, inversely with the nose length (referred to a total body
length), and inversely with the height above the ground.

For drag reduction at supersonic speeds, nose shape and
fineness ratio are most important. Increasing fineness ratio
of the body increases the critical Mach number and decreases
the transonic drag rise. Drag may be also influenced by the
change of height because flow separation on the lower surface
is affected by the pressure distribution and by reflected
shocks. Important contributions to the drag of the vehicle
come from the interference drag.

As was found in supersonic sled tests,? the shocks generated
on the nose are reflected from the ground. This changes the
pressure distribution and the flow pattern particularly on the
lower surfaces. In general, these shock reflections cause a
pressure build-up and, at supersonic speeds, a net lift force
results which increases in the flow direction. At transonic
and low-supersonic speeds, the situation is different and the
interaction between the lower surface and ground are less
predictable. At subsonic speeds, the ground interference
produces a downward lift (or suction)—because the flow
between the body and the ground is accelerated.’-? In addi-
tion, due to compressibility effects, the suction force increases
with increasing Mach number.* In the transonic range,
a reversal in the direction of the lift forces occurs. This
reversal may be sudden and will cause a change in the angle
of attack due to the flexibility of the suspension and of the
structure. Finally,on a flat bottom vehicle, choking of the
flow under it may occur, causing large lift and drag.!-

Ground interference may be alleviated by: increasing the
height of the body above ground; keeping the lower surface
parallel to the ground or slightly sloping up in the flow direc-
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Fig. 2 Outline drawing of The Blue Flame.
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tion at the rate of boundary-layer build-up; flat bottom should
be avoided. The body cross section used has a shape of a
rounded-off triangle standing on its tip which promotes cross-
flow from the high-pressure area on the bottom to the sides
and the top of the body. Such cross-flow reduces the lift. In
addition, the body was inclined under a negative angle of
attack of approximately 14°, since a slight negative angle of
attack causes large reductions of lift, whereas its effect on
drag is not too significant. A small nose droop was incor-
porated which further decreases the lift forces in the transonic
and supersonic regions. These also improved the driver’s
view, since his seat is located far back between the last tank
and the engine to give a better control over steering.

An ogival nose shape was chosen since Stoney® has shown
that the von Kdrmdn ogive!®.2 has the smallest pressure drag
in the transonic region. In order to have better control over
lift, a small triangular canard wing is mounted on each side of
the nose (NACA 66-series airfoil).

After the critical Mach number (Mei:) is exceeded, the
value of the drag coefficient rises abruptly. Meis increases
with increasing fineness ratio of a body and may be delayed
by appropriate design. The magnitude of the transonic
drag rise is governed by the rate of axial development of the
cross-sectional area which should be slow (area rule).’ Using
the image method, the area rule was applied in this design
despite the vicinity of ground.

Friction drag on well streamlined bodies is an important
part of the overall drag in the subsonie region, but at transonic
and supersonic speeds, the pressure drag will dominate. The
flow around the afterbody depends primarily on the shape of
the boat-tail, its juncture with the body and, if present, on the
effects of a jet issuing from the base8~12 Therefore, a para-
bolic, smoothly faired boat tail was chosen for the afterbody.

The wheels, and mainly the tires, presented one of the main
problems in aerodynamic design of the car. Several con-
figurations were studied. First, front and rear track of
approximately equal size was chosen (abolt 70 in.) with the
wheels exposed. No information could be found regarding
the drag of exposed wheels, as compared to faired ones, but it
may be large because of the high-relative velocity of the top
of the tires and the blunt shape. The next configuration
had a narrower track with the wheels faired into the body.
Such a solution would have important disadvantages. The
large tire diameter leads to sizable protrusions extending
above the top surface of the vehicle causing flow separation
and excessive drag. Further, the flat bottom and small
height above the ground, inherent in this design, would cause
high-ground interference and a dangerous lift force.

In the final design, the two front wheels are imbedded in the
car’s body. The front track is kept very narrow. This is
advantageous from a structural point of view and also for
reduction of the frontal area. However, the wake formation
behind a double wheel arrangement as compared to weaker
wakes behind separated wheels should be investigated. The
rear wheels extend behind the body of the car and have a wide
track to increase roll stability; the position in the axial direc-
tion was determined by the area rule. In the original design,
the rear wheels were connected to the body by a wing-like
structure. (NACA 66-series profile with a thickness ratio of
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approximately 13%.) The leading edge of the wing was
swept back at an angle of 56° to delay critical drag rise.
The wind-tunnel tests have shown adverse influence of wing
structure on the pitching moment. Therefore, the horizontal
surfaces were eliminated and strut supports were used.

The drag of the rear wheels consists of the drag of the fair-
ings and viscous resistance inside them. Slender fairings were
to reduce the pressure drag. The magnitude of viscous resis-
tance inside was estimated to be at most on the order of 10 1b
at 800 mph, which is not important.

There are no experimental data available to estimate the
pressure inside the wheel fairings and front wheel well at high
speeds, and a test of a full-size model in a wind tunnel would
be necessary to predict it. There was no opportunity to con-
duct such tests but the pressure inside of the front wheel well
will be monitored during future runs.

Directional stability of the car is very important and has to
be ensured at all speeds. This means that the side force
center of pressure should be kept behind the center of gravity.
Well-streamlined slender bodies have the center of pressure
far forward. To balance this and to shift the side force center
of pressure back, a vertical fin in the rear is needed.®®* Also,
care should be taken to keep the center of gravity of the car
as much forward as possible. The tail fin of The Blue Flame
is a swept back low-drag NACA 66-008 airfoil.V?

The cockpit is in the rear and is long and faired in smoothly
in order to delay separation. The space in the cockpit fairing
behind the driver is used to accommodate two parallel con-
tainers each of which contains two braking parachutes. This
dictated the shape of the fairing which has a blunt base.
One of the parachute sets is designed to be used for braking
during the run; the other set is a reserve one.

Estimate of Over-all Drag

The drag estimate was based upon experimental
data.!3.14.16.17.19.21 Tt wag obtained as a sum of the drag of
all car components at subsonic speeds corrected for estimated
contributions of base drag, mutual interference and ground
interference. The experimental transonic drag-rise'®.!® was
taken as a base for an estimate of the transonic drag coeffi-
cient.

Subsonic Drag Coefficient

The subsonic drag coefficient of each component was esti-
mated using the references noted, except that no reference was
available for assessing the drag coefficient of rear wheel fair-
ings. Thiswas estimated asCp = 0.18 (see Table 1).

Drag coefficient based on the total frontal area is Cp =
2.631/15.30 = 0.172%, the combined drag is usually larger
than the sum of the drag of individual components due to
interference drag originating at the joints of components.
To reduce interference drag wings or fin should be attached on
places where the local velocity is low or where the boundary
layer is thick so that the root is not exposed to high flow
velocity; the junctures of two different components with the

Table 1 Subsonic drag coefficient

Reference Frontal

area Cp A X Cp area: A
Body 6.95 0.20 1.390 6.95
Wings 23.60 0.0047 0.094 1.60
Tail fin 26.40 0.004 0.102 0.95
Fairings 5.80 0.18 1.045 5.80

2.631 15.30 ft2

1 The total frontal area was obtained by adding the frontal
area of the wheels and that of the cockpit (4 = 18.5{t?). From
this point on, the total frontal area was used in data reduction.
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body should be displaced longitudinally; surfaces should be
joined perpendicularly and faired smoothly.

Corrections

The drag coefficient was increased to provide for mutual
interference,” ground interference and base drag. This
increase was based on a study of the subsonic drag coefficient
of Craig Breedlove’s Spirit of America. First, the drag co-
efficient of the ‘Spirit of America was estimated using the
method described previously. Then an actual over-all drag
coeflicient was found from known values of thrust and top
speed, taking also into account rolling resistance. The ratio
of these two coefficients was 1.30. This ratio was used to
correct the drag coefficient to Cp = 0.172 X 1.30 = 0.23.
Based on the experimentally found transonic drag-rise,1s.1¢
it was estimated that Cp will triple in the transonic region.
The onset of the critical drag-rise was expected already at
M = 0.75 due to the fact that the area rule could not be
applied strictly in the rear of the car. The estimated Cp is
shown in Fig. 3 by a broken line. The drag force based on
this estimated drag coefficient is in Fig. 4.

Skin Friction and Rolling Resistance

Generally, for well-streamlined bodies, most of the drag
at subsonic speeds is skin-friction drag whereas at transonic
speeds the pressure drag predominates. The skin-friction
drag was computed as a sum of contributions over all parts
of the vehicle. The skin-friction coefficient was corrected
for the compressibility effects and it was found that at 750
mph (M = 1) the skin friction will form approximately 15%
of the over-all drag.

The rolling resistance in per cent of the total download was
computed according to Hoerner® K, (%) = 0.5 + 15/p +
0.0035V2/p where p is a tire pressure in psia and V velocity
in mph. The formula was modified to account for the flexi-
bility of the ground by taking p = 100 psia only (instead of
the actual tire pressure of 300 psi).

Acceleration and Deceleration

For an estimate of acceleration and deceleration, the equa-
tion of motion with variable mass was solved to determine
the maximum speed, average speed and the length of track
needed for acceleration. The expected performance was
computed based on the following data: estimates of the
aerodynamic drag and rolling resistance, thrust of 22,000 lb,
fuel burning time 20 sec and starting weight of the car 6000 1b.
The results are presented in Fig. 5.

The results of the computations show that the run should be
started at a distance of 8850 ft from the beginning of the
measured mile and that the average speed in the measured
mile will then be 817 mph (M = 1.09). Further, a gradual
shut-off of the engine will be necessary to avoid large decelera-
tions arising in case the shut-off is abrupt. The expected
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Fig. 4 Drag force.
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Fig. 5 Acceleration phase.

deceleration of the car is indicated in Fig. 6. The drag de-
creases fast with the speed so that the engine may be com-
pletely shut off below 700 mph. The car will then coast to
600 mph when the first parachute opens and later a second
one will be used. The disc brakes will be applied at a speed of
150 mph. The distance over which the vehicle will decelerate
to a full stop is not to exceed three miles to leave some safety
margin on the ten-mile track in Bonneville.

Wind-Tunnel Tests

Wind-tunnel tests were carried out to determine ground
interference effects (lift and pitching moment); drag of the
vehicle as a check on the original estimate; the validity of the
area rule in close proximity to the ground; lateral character-
istics, especially the position of the side-force center of pres-
sure; and, the performance of several different configurations:
e.g., canard wings, drooped nose, etc.

The wind-tunnel tests were conducted under the supervision
of J. D. Lee, Director of the Transonic Wind Tunnel Labora-
tory at Ohio State University, Columbus, Ohio. The tunnel
has 12 X 12-in. perforated-wall test section and its Mach
number range is up to M = 1.5.

The model for the wind-tunnel tests was a 1:25 scale and
was suspended in the test section by a sting support simulating
the engine jet. The ground effect was simulated by mounting
the model above a ground plate. The condition of the turbu-
lent boundary layer along the plate was monitored by 15 pres-
sure taps to determine presence of separation. The boundary
layer on the model was tripped by a transition strip located on
the nose. The tests were conducted in a Mach number range
from 0.5 to 1.15.

To check the testing procedures, various components of the
model were removed or added, and consistency of the obtained
results was examined. Also, results of tests performed close
to, or away from the ground plate were correlated and it was
concluded that the simulation was adequate for scaling pur-
poses. Themodel was tested at 0° and —1.25°.

Drag characteristics for different configurations are on Fig.
3. In the subsonic region Cp of the second configuration

;
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SO I F TR, of handling, stability, aerodynamic loads and engine perfor-

ol CE=I T I™y mance, as well as the dynamic behavior of the structure,

{\\ especially of the little damped rear assembly. Besides the
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(with cut-out wings and bare wheels) is much larger than Cp
of the original model; in the transonic region, however, there
is much smaller rise of the drag coefficient which compensates
for the large subsonic value. The test results seem to confirm
the validity of the area rule in the vicinity of the ground.
The second configuration has a more favorable cross-sectional
area distribution than the original design due to the sub-
stantial reduction of the cross-sectional area of the rear wheel
suspension. Note that the transonic drag increment of this
configuration (ACp = 0.30) is close to the one of the body
alone (ACp = 0.28), whereas the transonic drag increment on
the original design is made larger and exceeds 0.45; which is
what the area rule suggests. :

Lift and pitching moment characteristics were measured
on three configurations: the original model with the wing
and faired wheels, and two configurations with the cut-out
wing, one with bare rear wheels and one with rear wheel
fairings. In all three cases the body was at a negative angle
of attack of —~1.25°, The lift and the pitching moment were
reduced into two normal forces, one acting at the front wheels
and the second at the rear wheels (Fig. 7).

The tests have shown a tendency towards a positive lift
on the front part of the model. It was determined that the
wing-like structure which supported the rear wheels was the
source of lift forces and its replacement by struts was con-
sidered. Because of that, the configuration with cut-out
wings (simulating struts) was incorporated into the test pro-
gram. The improvement achieved by elimination of the
wing can be seen in Fig. 7. It was on the basis of this evidence
that the decision was made in favor of the struts despite the
large increase in subsonic drag coefficient which it causes.
It is clearly nécessary to avoid any danger of lifting of the
front wheels off the ground. The tests revealed a strong
influence of the front wheels on the lift and pitching moment
characteristics due to a strong wake formed behind the front
wheels which interferes with the wing. Measurements of
pressure distribution along the ground plate indicate that only
local separation of the boundary layer on the plate occurred.
Therefore, a similar effect to that measured can be expected
during an actual run.

Lateral characteristics of the model (position of the side-
force center of pressure and a side force coefficient) have
shown that the car will have sufficient directional stability
and, therefore, the tail fin was kept in the same form as de-
signed. The influence of the triangular canard wings located
at the front wheels, have also been investigated. The results
showed their effectiveness and canard wings were used on the
car.

Instrumentation

The performance of the car has to be monitored to avoid
critical situations. After every run an analysis must be made

slower runs. After each of the runs, the recorded data, to-
gether with the personal account of the driver were analyzed.
If no critical trend appeared in the data, then a higher speed
run followed; otherwise necessary adjustments had to be made
first.

Unfortunately, the pressure readings obtained are small
since sufficiently sensitive pressure transducers or high quality
recording equipment were not available. Meaningful read-
ings would be obtained with the present equipment only at
speeds higher than Mach number of unity.

The readings of the accelerometer were integrated after
each run by a numerical-graphical procedure to obtain the
velocity and distance as a function of time. The thrust of the
engine was then evaluated from the burning rates and of
variation of the drag with velocity. The magnitude of the
drag was estimated from the deceleration of the car after the
burn-out. It was found that the subsonic drag coefficient is
lower than predicted; see curve e of Fig. 3.

As far as the aerodynamic loads are concerned, the driver
reported no discernible trend toward lifting or dipping of the
car’s front. The directional stability has been excellent and
small deviations from the straight course were corrected by
steering of the front wheels.
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