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Introduction

An accurate description of the aerothermal environment is required to minimize the

weight of the Thermal Protection System required on the leeside of winged reentry vehicles.

The inability of ground-test facilities to reproduce the high enthalpy, separated 
ow present

during reentry 
ight conditions, coupled with the prohibitive expense of 
ight tests, leads

to the use of an analytical method|namely Computational Fluid Dynamics (CFD)|to

describe the 
ow.

While the ultimate goal of this work is to accurately predict the leeside 
ow and its

associated thermal environment, an essential and reasonable �rst step towards that goal is a

comparison of pressure predictions by a code with wind-tunnel data. Until such CFD pressure

predictions agree with wind-tunnel test cases, there is little hope of accurately predicting the
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thermal environment at 
ight conditions. Thus, the objective of this study is to compare the

pressure distributions predicted by inviscid, perfect gas CFD to Shuttle Orbiter wind-tunnel

data and to address any signi�cant issues encountered during the computation.

While 
ight data is available for the Shuttle Orbiter, a wind-tunnel case is chosen

for this study to allow a tractable problem for preliminary investigation. A wind-tunnel

case allows the perfect gas assumption for the 
ow chemistry. This provides a signi�cant

computational savings over a several species �nite-rate chemistry model which would be

necessary if high-temperature e�ects present at 
ight conditions were to be included. In

addition, by concentrating on the surface pressures, the analysis need only consider inviscid


ow for general evaluation of the code capability. This further reduces the computational

expense due to the absence of viscous terms and the associated decrease in the number of

points required for the computational grid.

Previous computational e�orts (such as STEIN1 and HALIS2) have been directed to-

ward the windward surface quantities, primarily due to restrictions in treating either the

winged geometry or its associated subsonic regions at high angle of attack. The code used

for this study, the LAURA (Langley Aerothermodynamic Upwind Relaxation Algorithm)

code of Gno�o,3 represents a state-of-the-art code for computing the 
ow over complex con-

�gurations at hypersonic speeds. In the study, the LAURA code is applied to a wind-tunnel

condition to initiate the assessment of the code's ability to predict the 
ow over a relatively

complex hypersonic vehicle at high angles of attack. This presentation is used to highlight

the pertinent results of a more detailed investigation4 of the inviscid calculation over the

Shuttle Orbiter with the LAURA code.

Numerical Method

The LAURA code is a point-implicit, �nite volume solver based on the upwind-biased


ux di�erence splitting of Roe. The code is capable of modeling any of three air chemistry

assumptions: perfect gas, equilibrium, or thermochemical non-equilibrium. For this study,

the code uses the perfect gas, inviscid 
ow model. For a detailed description of the numerical

algorithm in the LAURA code, see Ref. 3. Descriptions of the physical 
ow models can be

found in Ref. 5.
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Geometry and Computational Mesh

The Shuttle Orbiter vehicle represents a very complex geometric modeling problem,

especially the aft portion. Since this study is focused on the leeside 
ow over the vehicle

forward of the elevon hinge-line, simpli�cations are made to the aft section of the vehicle

to greatly reduce the analytical geometry modeling and grid generation e�ort. These sim-

pli�cations are justi�able since the 
ow in the aft region of the vehicle is predominately

supersonic. Thus, the modeling of the geometry aft of the elevon hinge-line has negligible

upstream in
uence. The geometrical simpli�cations consist of omission of the tail surface,

body 
ap, and a continuation of the wing's trailing edge thickness as a solid surface extend-

ing to the out
ow plane. Note, however, that the entire forward portion of the vehicle is

accurately modeled.

The volume grid, which contains just over one million grid points, is shown in Fig. .

The grid has 120 points along the body, 140 circumferential, and 60 points from the body

to just outside the bow shock.

Results and Observations

Computational results are obtained for 
ow about the Shuttle Orbiter at M1=7:4 and

40� angle of attack. Freestream conditions and measured surface pressures are taken from

the wind-tunnel results reported by Dye et al.6 for which the Reynolds number per foot is

6.5 million.

During the computation, an inherent instability of the LAURA algorithm was encoun-

tered in the near-vacuum region just below the wing-tip vortex on the leeside of the wing.

The inviscid wall-boundary conditions had to be modi�ed to maintain positive de�nite ener-

gies by specifying freestream total enthalpy at the surface. Note, however, that for a viscous

calculation, this �x would no longer be available. Recently, a more rigorous �x for this

problem was given by Einfeldt et al.7

Figure shows a comparison of computed and measured pressure coe�cient (Cp) dis-

tributions along the windward and leeward centerlines of the Shuttle Orbiter. A pressure

distribution calculated by the HALIS code for the windward portion of a simpli�ed Shuttle
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Orbiter is also included. As discussed earlier, the aft portion of the vehicle is not modeled

accurately past 93 percent of the body length (X/L=0.93). This is clearly evident on the

windward surface pressures.

In the �gure, the discrepancies in the data and predictions between 7 and 20 percent of

the body length may suggest the possibility of a geometric discrepancy between the wind-

tunnel model and the analytic description of the geometry used for CFD. Since the wind-

tunnel Reynolds number is high (6:5�106=ft), it can be argued that the viscous interaction

can not account entirely for this size of discrepancy. The HALIS solution also shows similar

geometrical inconsistencies due to the fact that its geometry is comprised of a sequence

of conic sections which are not slope continuous at their junctures. It is interesting to

note, however, that even though the geometric models used with LAURA and HALIS were

developed independently and by di�erent means, the solutions are in good agreement with

one another.

The windward surface pressure distribution predicted by LAURA around X/L=0.82

is not smooth. This is due to irregularities in the surface geometry de�nition, and the

discussion of Ref. 4 demonstrates that these surface irregularities are large enough to create

compression waves.

Figure presents the coe�cient of pressure distribution as a function of the meridional

angle � around the body at two cross-section stations. The angle � is measured from the

windward centerline to the leeward centerline plane. The predictions and wind-tunnel data

compare very well with the exception of the chine areas (�=60�) and the forward portion of

the windward centerline (�=0�). As discussed previously, the centerline discrepancy for the

X/L=0.1 data is apparently due to a geometrical di�erence between the wind-tunnel model

and the CFD model. The chine areas agree well until the last cross section (X=L=0:6). At

this station, the location of the pressure decrease around the wing is not predicted by the

CFD solution. Since the �rst several stations agree well,4 this could be attributed to slight

geometric discrepancies between the wind-tunnel model and the CFD model at the leading

edge of the wing. Additional possibilities for this discrepancy include: inadequate grid

resolution and/or accuracy of the measured pressures due to the extremely small magnitude

of the leeside pressures.
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Figure shows the coe�cient of pressure distribution at two spanwise stations along the

wing (2Y/B=0.4 and 2Y/B=0.6) as a function of the non-dimensionalized chord position

(X/C). (An additional outboard station is presented in Ref. 4.) Again, due to geometrical

simpli�cations in the CFD model of the vehicle aft region, the solution beyond the elevon

hinge-line is not applicable. The computed pressures are within �ve percent of the wind-

tunnel data except at X/C=0.6 and X/C=0.7 on the windward surface of the inboard semi-

span station (2Y=B=0:4).

Concluding Remarks

An inviscid solution for the Shuttle Orbiter was computed for being properly modeled.

It was also found that a modi�ed boundary condition was necessary to alleviate the inherent

instability of Roe's 
ux di�erence splitting in the near-vacuum regions of the Shuttle Or-

biter's wing-tip vortex. Also, for this inviscid computation, it was shown that slight surface

imperfections of the windward surface of the Shuttle Orbiter noticeably contaminated the

solution.

References

1Marconi, F., Salas, M. and Yaeger, L., \Development of a Computer Code for Cal-

culating the Steady Super/Hypersonic Inviscid Flow Around Real Con�gurations," NASA

CR{2675, 1976.

2Weilmuenster, K. J. and Hamilton, H. H., II, \Calculations of Inviscid Flow Over

Shuttle-Like Vehicles at High Angles of Attack and Comparisons With Experimental Data,"

NASA TP{2103, 1983.

3Gno�o, P. A., \An Upwind-Biased, Point-Implicit Relaxation Algorithm for Viscous,

Compressible Perfect-Gas Flows," NASA TP{2953, Feb. 1990.

4Kleb, W. L. and Weilmuenster, K. J., \A High Angle of Attack Inviscid Shuttle Orbiter

Computation," NASA TM{107606, April 1992.

5Gno�o, P. A., Gupta, R. N. and Shinn, J., \Conservation Equations and Physical

5



Models for Hypersonic Air Flows in Thermal and Chemical Nonequilibrium," NASA TP{

2867, 1989.

6Dye, W. H. and Polek, T., \Results of Pressure Distribution Tests on a 0.010-Scale

Space Shuttle Orbiter (61-0) in the NASA/ARC 3.5-Foot Hypersonic Wind Tunnel (Test

OH38)," NASA CR{144584, 1975.

7Einfeldt, B., Munz, C. D., Roe, P. L. and Sj�ogreen, B., \On Godunov-Type Methods

near Low Densities," Journal of Computational Physics, Vol. 92, Feb. 1991, pp. 273{295.

6



Fig. 1 A depiction of the volume grid (only every other grid line shown).

Fig. 2 Pressure coe�cient along the windward and leeward centerlines for the Shuttle

Orbiter at M1=7:4 and 40� angle of attack.

Fig. 3 Pressure coe�cient at two fuselage cross-sections for the Shuttle Orbiter at

M1=7:4 and 40� angle of attack.

Fig. 4 Pressure coe�cient at two spanwise stations along the wing as a function of

chord position for the Shuttle Orbiter at M1=7:4 and 40� angle of attack.
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a. ) Fuselage station, X/L=0.1

b. ) Fuselage station, X/L=0.6
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a. ) Wing semi-span station, 2Y/B=0.4

b. ) Wing semi-span station, 2Y/B=0.6
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