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The supersonic car, ThrustSSC, took the World Land 
Speed Record beyond the speed of sound on the Black 
Rock Desert in Nevada in October 1 997. To achieve this 
feat, many challenging technological problems had to be 
addressed. One such problem was the aerodynamic de- 
sign of the vehicle to ensure that it could be safely oper- 
ated and, in particular, that it remained in contact with 
the ground at all speeds. Here we outline the role that 
was played by computational fluid dynamics in assisting 
the process of aerodynamic design. 

INTRODUCTION 

T he first World Land Speed Record was set by Count 
Gaston de Chasseloup-Laubat in Acheres, France on 
December 12 1898. Driving an electric vehicle, he set the 

Record at 39 mph. Since that initial event, the Record has been 
broken around sixty times and some of the major milestones 
achieved before 1997 are noted in Table 1. Initially, electric 
cars dominated and it was not until l902 that a car powered by 
an internal combustion engine captured the Record. The first 
jet powered Record breaker was Donald Campbell's Bluebird in 
1964. In the 1920s, Pendine Sands in South Wales was an 
attractive location for Record breaking. In fact, the Record was 
broken 5 times on Pendine Sands during this period by 
Malcolm Campbell and Parry Thomas. They took the Record 
from 146 to 175 mph. Interestingly, seventy yearslater, Pendine 
was also to play a role in assisting in the successful development 
of the supersonic car ThrustSSC. The exact nature of this role 
will be described later. The full list of Record breakers is domi- 
nated by British and American drivers while France, for exam- 
ple, has not held the Record since 1924. In a Record attempt,. 
the recorded speed is the average speed achieved, over a mea- 
sured mile, in two runs which must be made in opposite direc- 
tions within a time interval of less than one hour. The vehicle 
must possess some basic characteristics eg it must have four 
wheels and a driver! . 

THE ThrustSSC PROJECT 
In the early 1990s, Richard Noble, who held the Record at that 
time with the speed of 633 rnph attained by Thrust2, began to 
think about breaking the Record again. An obvious initial tar- 

*Based upon a public lecture presented at the University of Wales 
Aberystwyth, 29 October 1998 

Table 1. The World Land Speed Record: major milestones achieved 
before 1997 
Year Driver Nationality Speed Attained (mph) 
1898 Gaston de Ch-Laubat France 39 
1904 Louis Rigolly France 103 
1927 Henry Segrave U K  203 
1935 Malcolm Campbell U K 301 
1964 Donald Campbell U K 403 
1964 Craig Breedlove USA 526 
1965 Craig Breedlove USA 600 
1983 Richard Noble U K 633 

get was 700 mph, but as this was not too far distant from the 
speed of sound at ground level, which is around 760 mph, he 
decided that he would assemble a team to attempt to take the 
Record to supersonic speed, ie faster than the speed of sound. 
Experience had shown, and we'll touch upon this again shortly, 
that this was not just going to be a matter of making minor mod- 
ifications to Thrust2. This attempt was going to require a com- 
pletely new design. The major challenge was not just to design a 
vehicle that could attain very high speeds, but to ensure that it 
could do this safely. This posed certain major technical difficul- 
ties. For example, to maintain the rigidity of the structure and 
the integrity of the wheels at high speeds required the identifi- 
cation of suitable materials; to ensure the basic stability of the 
vehicle required adequate control mechanisms; an appropriate 
propulsion system had to be selected and a decision was re- 
quired concerning the number, and the type, of engines to be 
used. However, to answer the question posed by the title of this 
article, an understanding of the aerodynamics of the vehicle, ie 
the interaction between the moving vehicle and the air, was 
required. Therefore, we will concentrate here upon certain as- 
pects of the aerodynamic design, as it was in this area that our 
work on computational fluid dynamics made an impact in the 
ThrustSSC project. Readers interested in discovering more 
about this, and other aspects of the supersonic car project, 
should consult the excellent text by ~ i cha rd  ~ o b l e '  or the book 
produced by members of the Thrust ~ e a m * .  

BASIC AERODYNAMIC DESIGN 
The overall aerodynamic design of ThrustSSC was the 
responsibility of Ron Ayers. Important features of his basic 
original design are apparent in Figure 1, which is an early artist's 
impression of ThrustSSC at high speed on the Black Rock 
Desert in Nevada. The moving vehicle is subjected to the aero- 
dynamic forces of lift and drag, and the magnitude of these 
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Fig. 1. An early artist's impression of ThrustSSC at speed on the Black Rock 
Desert in Nevada (reproduced with permission) 

forces is governed by the vehicle's shape and speed. The design 
shows a long slender shape, to produce a low drag and also a 
small drag variation with increasing speed. The long wheel- 
base provides for stable steering and the longitudinal distribu- 
tion of cross-sectional area of the vehicle is smooth. The power 
is provided by two Rolls Royce Spey jet engines. With the use of 
two engines, positioned as shown in the Figure, the centre of 
gravity can be located towards the front of the vehicle, for 
enhanced stability, and the front wheels can be widely spaced, 
to improve resistance to roll. In addition, the driver can be posi- 
tioned, in the strongest part of the vehicle, near the centre of 
gravity, enabling rapid feedback response. Yaw stability is pro- 
vided by a conventional highly swept tail-fin, with the horizon- 
tal fin mounted high to avoid the jet efflux from the engines. 
The attitude of the vehicle is controlled by an active suspension 
system. The technical soundness of these initial considerations 
helped ensure that this early artist's impression looked remark- 
ably similar to the final design. 

Assuming that the engines will produce enough thrust to 
overcome the drag at all speeds, the key problem for the de- 
signer is to optimise the shape to ensure that the lift force re- 
mains within bounds; too large a positive lift will invalidate the 
assumption that gravity will keep the vehicle on the ground, 
while a significant negative lift would destroy the vehicle's sus- 
pension. In the aerospace and related industries, the aerody- 
namic performance of new designs has traditionally been 
investigated by using wind tunnel experiments. In such experi- 
ments, a scale model of the vehicle, made to a high degree of 
accuracy, is held in the working section of the tunnel; air is 
passed over the model and the forces and moments on the 
model are measured. When performing the experiments, appro- 
priate scaling factors have to be employed, to ensure that the 
main aerodynamic parameters are close to those encountered in 

Fig. 2. The geometrical description of the vehicle surface 

the real, full scale, flow. Although wind tunnel testing has been 
a key ingredient in the design of most aircraft in use today, the 
approach is lengthy and expensive, with a single modem design 
often utilising thousands of hours of tunnel testing time. The 
building of models is costly, and minor changes in geometrical 
shape often require the construction of a new model. The tun- 
nels themselves are expensive to build and operate and they 
have limited applicability for a full range of flight conditions. 

The high speed wind tunnel testing of aircraft in cruise con- 
ditions normally involves air being passed over models which 
are held well away from the tunnel walls. For ThrustSSC, the 
correct experimental procedure should involve moving a model 
at high speed relative to a stationary simulated ground or mov- 
ing the simulated ground at high speed with respect to astation- 
ary model. Tunnel facilities capable of creating either of these 
scenarios were not available. This meant that, if tunnel testing 
was to be employed, the best that could be envisaged would be 
tests in which a model was held at rest close to a simulated sta- 
tionary ground in a high speed stream. In fact, this approach 
had already been employed, with a limited degree of success, in 
the aerodynamic design of Thrust2. It is now known that this 
vehicle was operating at the limits of its capability, and it has 
been estimated that it would have lost contact with the ground 
if its peak speed had been only seven miles per hour faster2. 
Thus, it was felt that an alternative approach was necessary if 
the aerodynamic performance of ThrustSSC was to be confi- 
dently predicted over a range of speeds up to supersonic. 

COMPUTATIONAL FLUID DYNAMICS 
Over the past thirty years, the aerospace industry has been mak- 
ing significant developments in an alternative testing proce- 
dure, based upon the use of computer simulation methods for 
the analysis of the aerodynamic performance of vehicle de- 
signs'. During this period, as wind tunnel costs have increased, 
the cost of high performance computers has decreased, and 
computers capable of performing certain complex flow simula- 
tions are now widely available. The process of using computers 
in this way to simulate realistic flows is termed computational 
fluid dynamics. In 1992, we were asked to consider if the com- 
putational fluid dynamics techniques that we had developed 
could be applied to assist in the design of ThrustSSC. 

In computer form, the geometry of vehicle designs can be 
readily defined and modified and, hence, computational fluid 
dynamics offers the aerodynamicist a means of exploring a 

Fig. 3. Distribution of computed pressure contours for the vehicle at 
supersonic speed 
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wider range of vehicle shapes than can usually be accomplished, 
in available time scales, with wind tunnel testing alone. How- 
ever, computational fluid dynamics has its own associated 
shortcomings. These are generally related to difficulties in mod- 
elling mathematically, and computing, flows involving the 
complex phenomena associated with extremes of aerodynamic 
design, such as the prediction of flow separation and turbu- 
lence. Lower order mathematical representations of fluid flow, 
involving simpler flow physics, can avoid some of these difficul- 
ties, while still providing useful information for many practical 
aerodynamic flow?. In the context of ThrustSSC, it was decided 
that a lower order computational model, based upon the as- 
sumption that the fluid was inviscid, would be appropriate. As Fig. 5. Computed variation of lift with Mach number for the full vehicle 

no large regions of separated flow were likely to occur within the 
projected speed envelope, it was reasonable to expect that such 
a model would be capable of producing a good approximation to 
the distribution of pressure over the vehicle. This information 
would enable the lift force on the vehicle to be estimated. By 
adopting this choice of model, it was also possible to ensure that 
many different geometrical shapes could be analysed within the 
time and financial constraints that were being imposed by the 
project. Following the initial design phase, and before the 
decision was taken to proceed with the construction of 
ThrustSSC, the validity of employing this form of computa- 
tional model would be investigated by performing a limited 
series of experimental rocket sled tests on a scale model of the 
vehicle. The results of this validation exercise will be presented 
below. 
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main be divided into an unstructured assembly of tetrahedral 
cells. To accomplish this, the boundary of the domain is first 
discretised into an assembly of triangular planar facets and the 
discretisisation of the domain volume then follows. These 
discretisation processes are fully automatic and generate points, 
at cell vertices, according to a user-specified point spacing 
distribution function5' 6. 

The equations governing inviscid rotational flow are the 
compressible Euler equations. These equations, expressing the 
conservation of mass, momentum and energy in the fluid, are 
considered in the conservative form 

where the unknown U and the flux vectors Fi are defined by 
FLOW MODELLING FOR ThrustSSC 
Modelling the air flow over ThrwtSSC was accomplished by  PI r Puj 1 
using the FLITE3D computer system at the University of Wales 
Swansea. The input to this system is the definition of the vehi- 
cle geometry, in the form of an assembly of mathematically de- 
fined surfaces and their intersection curves. The computational 
domain was defined to be the region surrounding the vehicle, 
and extending a prescribed distance from it in all directions. For H,, oxlxzx3 is a cartesian coordinate system, denotes the 
computational efficiency, it was assumed that the flow was sym- time, uj is the fluid velocity in direction xj, aij is the Kronecker 
metric about the vertical plane through the central axis of the delta and p, p and E denote the fluid pressure, density and total 
vehicle the nose to the tail, so that only the flow over specific energy For the air flow simulations that 
one-half of the vehicle was simulated. are of interest here, the equation set is completed by the addi- 

The n1TE3D Vtem requires that the tion of the perfect gas equation of state. Before the solution of 
these equations can be attempted, 
appropriate boundary conditions 
must be prescribed on each surface 
bounding the computational do- 
main. 

The solution algorithm of 
FLITE3D is based upon an integral 
Galerkin approximate variational 
formulation of this classical prob- 
lem statement7. To produce a prac- 
tical algorithm for the simulation of 
high speed flows, consistent stabili- 
sation and discontinuity capturing 
terms have to be added to this ba- 
sic formulation. In the algorithm, 
the solution vector, U, is assumed 

Fig. 4. Computed forces and moments on the vehicle components at different Mach Numbers to vary linearly over each tetrahe- 
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dral cell. Finite difference procedures are employed to discretise 
the time dimension and the solution is advanced by using a 
standard multi-stage explicit time stepping procedure. The 
computational implementation was designed to maximise effi- 
ciency on CRAY supercomputers with vector architecture and 
multi-tasking facilities. 

The results of any computational simulation may be pre- 
sented in both qualitative and quantitative form. An overall 
impression of the flow is obtained by using black and white, or 
colour-shaded, contours of selected flow variables. From 
such plots, flow features such as shock waves are readily de- 
tected. A more detailed analysis of the predicted aerodynamic 
performance can be determined from quantitative data, such as 
the contribution made to the lift and pitching moment by the 
individual geometrical components. 

THE SIMULATIONS 
Initially, computational simulations were employed to assist in 
the design of the nose cone and of the engine intakes. For these 
simulations, only the flow over the front section of the vehicle 
was analysed. This phase was followed by full vehicle simula- 
tion~, which included the effects of the powered engines. For 
this stage, the geometry of the vehicle was described by an as- 
sembly of 56 surfaces, as illustrated in Figure 2. A rectangular 
box was employed to define the outer surface of the computa- 
tional domain. The point spacing distribution function, which 
controls the domain discretisation process, was constructed so 
as to ensure that an adequate density of points was achieved in 
perceived critical areas of the domain. Based upon these consid- 
erations, a typical discretisation of the boundaries of the 
domain consisted of around 50,000 triangles, while a typical 
volume discretisation involved about 1 million tetrahedra. The 
computations were performed on a CRAY C90 computer and 
each steady state simulation required about 1 hour ofcpu time. 

Typical output from the computer simulations is displayed in 
Figure 3, which shows the distribution of contours of pressure 
on the ground and over the vehicle surface at supersonic speed. 
The quantitative data extracted from these computations pro- 
vided the necessary information to drive the optimisationof the 
aerodynamic design. The facility to extract data particular to 
individual geometrical components of the vehicle, as shown in 
Figure 4, was particularly important in the evolution of the 
shape. In Figure 5, the computed lift is displayed for vehicle 
Mach numbers in the range 0.65 to 1.15. The vehicle Mach 
number is the ratio of the vehicle speed to the local speed of 
sound in air. It is clear that the lift increases rapidly as the vehi- 
cle approaches and exceeds the speed of sound. In this Figure, 
the unit on the vertical axis is pounds. Since the weight of the 
fully loaded vehicle is around 20 000 pounds, it is apparent that 
the lift needs to be reduced if the vehicle is to remain in contact 
with the ground at high speed. The lift could be altered by 
changing the vehicle shape. An alternative would be to change 
the attitude of the vehicle. In this case, the lift is altered as adif- 
ferent effective shape is presented to the oncoming air stream. 
Figure 6 shows the computed effect of a change of this type. It 
compares the variation of lift with Mach number for the vehicle 
in its normal attitude with that for the vehicle with its attitude 
changed to one degree nose down. The result of this change is 
seen to be significant, with the predicted lift decreasing with 

Fig. 6. The variation of lift with Mach number for the vehicle in normal at- 
titude (Zero degree) and with the attitude changed to one degree nose 
down 
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Mach number in the nose down case. Although these results 
were encouraging, and indicated that the aerodynamics of a 
supersonic vehicle could be controlled, independent validation 
of the modelling approach was necessary before a vehicle, 
designed on the basis of these predictions, could be operated 
confidently at high speeds. 

-Zero degree 

-m- One degree 

VALIDATION OF THE SIMULATION 
PROCEDURE 
The FLITWD computer system had been extensively validated 
on aerospace geometries for a wide range of vehicle Mach num- 
bers. However, it had never been applied previously to the sim- 
ulation of a vehicle travelling at transonic and supersonic 
speeds near the ground. The ground effects, including reflec- 
tion of shock waves between the ground and the underside of 
the vehicle, were unknown but clearly important in the design 
process. To check the validity of the mathematical and compu- 
tational modelling that was being adopted, the ThrustSSC 
Team decided to undertake rocket sled tests at the Defence Test 
and Evaluation Organisation (DTEO) at Pendine Sands in 
South Wales. At the testing ground, 13 rocket powered runs 
were performed, using a 1:25 scale model of the vehicle. The 
model was fitted with nine pressure sensing gauges on its upper 
and lower surfaces and vehicle Mach numbers .of 0.71, 0.96, 
1.05 and 1.08 were attained. Computational simulations were 
performed at Swansea without access to the test data. A de- 
tailed comparison between the computational and test data was 
then undertaken by Ron Ayers. His original plot of correspond- 
ing pressure values is shown in Figure 7. Perfect agreement be- 
tween the computational results and the test data would have 
resulted in a straight line at 45 degrees to the horizontal axis. 
The plot, therefore, shows a remarkable correlation between 
the two data sets. In addition, if conventional correction tech- 
niques for inviscid flow are applied8, even the data points which 
do not appear to lie on the straight line are also brought into 
agreement. 

This comparison, which was undertaken at the end of the 
initial design phase, validated the use of the computational 
fluid dynamics procedure for simulations of the flow over 
ThrustSSC. This exercise was critical to the success of the aero- 
dynamic design process, as the excellent agreement which had 
been achieved provided the designer with the confidence nec. 

Mach No. 
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Fig. 7. The comparison between the pressure values observed in the 
Pendineexperimentsand the values predicted in thecomputersimulations 

essary to enable him to use computational fluid dynamics pre- 
dictions to guide and support design modifications throughout 
the full speed range. In particular, based upon results such as 
those shown in Figure 6, ThrustSSC was operated with a vari- 
able attitude of between zero and one degree nose down during 
the record breaking attempts. 

CONCLUSIONS 
Computational fluid dynamics technology, originally designed 
and developed to support the aerospace industry, was success- 
fully used, over a period of five years, to assist in the design of the 
supersonic car ThrustSSC. The accuracy of the approach was 
validated by comparison with independent results produced 
by employing rocket powered models at the Pendine Testing 
Range in South Wales. At about 1000 Nevada time on 
October 15th 1997, ThrustSSC broke the World Land Speed 
Record and reached a supersonic speed of Mach 1.02 (763.035 
mph). 
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