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Addressing the Hypersonic Simulation Problem

B. J. Griffith,* J. R. Maus,t and B. M. Majors}
Calspan Corporation, Arnold Air Force Station, Tennessee

and

J. T. Best§
Arnold Engineering Development Center, Arnold Air Force Station, Tennessee

The hypersonic simulation problein is solved by the meshing of bench-marked experimental data with results
from validated computational fluid dynamic codes. The example presented is for the re-entry of the Space Shut-
tle Orbiter. Mach number effects were assessed by parametrically varying the freestream Mach number and
angle of attack in a series of inviscid, perfect-gas computations carried out on a modified Orbiter geometry.
Real-gas effects were determined by making calculations at specific points of the re-entry trajectory using
equilibrium air thermodynamics and comparing them with corresponding perfect-gas computations. Viscous
computations were also made for both the basic Orbiter body and the control surfaces. A methodology is
developed that permits the extrapolation of wind tunnel data to flight situations, providing a solution to the

hypersonic simulation problem.

Nomenciature

A =reference area, 2,690 ft2

CG =orbiter center of gravity

Cuy = pitching-moment coefficient, M,/cAq,,

Cy =normal-force coefficient, Fn/Aq.,

C, =viscosity parameter

c =reference length, 474.8 in.

EV =elevon deflection, deg

Fy =normal-force component

K = constant

L =body length, 1,293 in.

M, =total moment about x,=840.7 in., z,=37.0
in.

M, = Mach number

o =dynamic pressure

Re,; =freestream Reynolds number based on
model length

V., = viscous parameter, M, ~C,,/~Re,,

X, V.2 = Cartesian coordinates

X520 =location of orbiter CG

o =angle of attack

AC,, = basic body viscous axial force

ACy =incremental pitching moment

ACMU = basic body viscous pitching moment

ACy =incremental normal force

ACy,ACy, =incremental normal force and pitching mo-
ment for the basic body attributable to real
gas and Mach number

AX,, =incremental center of pressure

dpr, BF =body-flap deflection, deg

% =specific heat ratio
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Introduction

HE Wright brothers built a low-speed wind tunnel to

simulate the flow over their airplane and made history in
1903 by making a manned flight last 59 s. Chuck Yeager broke
the sound barrier in 1947 with the help of transonic wind tun-
nel tests that did not fully simulate the flight of his Bell X-1
because of tunnel wall effects and a lower than desired
Reynolds number. Scott Crossfield flew a D-558-2 on Nov. 20,
1953 and became the first person to travel at twice the speed of
sound without fully knowing the aerodynamic loads because
of a lack of proper ground test simulation.

Time has not improved the ground test simulation of flight.
In fact, ground test facilities are less able to simulate today’s
high-speed flight than the flight speeds encountered by the
Wright brothers, Yeager, or Crossfield. A recent example is
the re-entry of the Space Shuttle Orbiter.

The re-entry of the Space Shuttle Orbiter has been remark-
ably successful; only a few problems or anomalies have arisen
during the various flights to date. One problem has resulted
from a significant difference between preflight predictions of
hypersonic pitching moment and values inferred from flight
data.'?® These differences have resulted in body flap deflec-
tions required to maintain trim more than twice those
predicted prior to STS-1.

This paper presents an analysis of the flight data, ground
test, and computational results used to resolve this discre-
pancy. Some of the fundaniental flow modeling necessary to
extrapolate ground test data to hypersonic flight conditions is
presented. In particular, this paper documents the high Mach
number, real-gas, and viscous effects on the Orbiter
aerodynamics, plus flight and tunnel data problems.

Mach number effects were assessed by parametrically vary-
ing the freestream Mach number and angle of attack in a series
of inviscid, perfect-gas computations carried out on a
modified Orbiter geometry. Real-gas effects were explored by
making calculations at specific points of the re-entry trajec-
tory using equilibrium air thermodynamics and comparing the
predictions with corresponding perfect-gas computations.
Viscous effects on the Orbiter aerodynamics were determined
by an analysis of wind tunnel heat transfer and viscous drag
data supplemented by several viscous computations at low
angles of attack. Body flap and elevon effectiveness have also
been examined by the use of ground test and flight test data
with a limited amount of computational results.
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Approach

Figure 1 illustrates the approach taken in the simulation
process. The synergistic combination of experimental
aerodynamics, basic aerodynamic simulation concepts, and
computational fluid dynamics is required. Feedback from
flight data permits the fine-tuning of the simulation proce-
dure.

Computational modeling requires that all variables be con-
sidered, since some variables are additive and others subtract
from the experimental data base. The list of variables con-
sidered during the present study is given in Fig. 1. Figure 2 il-
lustrates the simulation problem. Note the Mach number and
viscous regime of the flight of STS3 not covered by AEDC
Tunnel B. Other facilities would provide slightly higher Mach
numbers but would still be perfect-gas facilities and suffer
somewhat in data precision. A 1% error in center-of-pressure
results in over a 12-in. uncertainty in the full-scale Orbiter
center of pressure. Therefore, data from AEDC Tunnel B at
Mach 8 were selected as the bench mark to be coupled with
computational fluid dynamic (CFD) solutions. The approach
as shown in Fig. 3 also involves fine-tuning the prediction
methodology with flight results. The high quality of the STS
flight data not only allowed the fine-tuning of the prediction
methodology, but flight trends suggested several shortcomings
of 1) the initial analysis, 2) the flight data, and 3) the tunnel
data: each will be discussed herein.

Detailed Simulation Procedure

The detailed simulation procedure is shown in Fig. 4. The
steps in the procedure are briefly listed as follows:

1) Analyze flight and tunnel data for possible corrections.

2) Compute changes in basic body aerodynamics at-
tributable to Mach number, real-gas, and viscous effects.

3) Compute changes in control surface deflection caused by
Mach number, real-gas, viscous, and flexibility effects.

4) Develop methodology for comparing tunnel data and
CFD results with flight data.

5) Fine-tune methodology as suggested by the flight data.

Flight Data Analysis

The Shuttle flight test program has produced the highest
quality and most extensive aerodynamic data base ever col-
lected. The major shortcoming of the data base is a lack of
precise knowledge of the atmospheric density, particularly at
high altitudes. A second problem is knowing the center of
gravity to better than +3/4 in., which adds to the analysis
problem. However, the extensive data base permits these two
problems to be considered as data scatter and not as a flight
bias.

A detailed inspection of the flight data from several flights
indicates a trend with the body flap that suggested a body-flap
flexibility problem not accounted for in the Aerodynamic
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Fig. 1 Overview of simulation methodology.
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Design Data Book (ADDB).! Figure 5a gives some preflight
loading data that were not used in the ADDB. Including these
data in the flight analysis gives for a windward body flap a
lower deflection and for a leeward body flap a higher deflec-
tion than recorded. Typical corrections are presented in Fig.
5b. These corrections are included in the methodology model.

Tunnel Data Analysis

The ground test program of the Space Shuttle was extensive
(see Fig. 6). Nearly all of the hypersonic ground test facilities
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Fig. 4 Detailed simulation procedure.
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were utilized, and data were reviewed by experts from
Langley, Ames Research Center, Johnson Space Center, and
Rockwell to establish the most valid set of wind tunnel data.2
Ground test data above Mach 10 were not of sufficient quality
to define the moment characteristics of the Orbiter. A high-
fidelity 0.02-scale model was built and tested in AEDC Tunnel
B in order to update the Aerodynamic Design Data Book.
Tunnel B is a validated facility that produces high-quality
data. These data resulted in the Pre-op Aerodynamic Design
Data Book,? which only slightly changed the original data set.
The wind tunnel results were not adjusted for real-gas effects.

The Tunnel B test series were designated 0A258. The sting
deflection constants were carefully derived in both the balance
lab and in the tunnel (air off). Extensive checks were made in
order to obtain high-quality data. The model was also run
upright and inverted in order to isolate any tunnel flowfield ef-
fects. A close inspection of the data at various dynamic
pressures and test entries revealed some trends not noted dur-
ing the earlier data analysis. The normal force at a constant
angle of attack slightly increased as the dynamic pressure in-
creased, indicating a model/sting/sector bending problem not
accounted for in the original data reduction. Figure 7 shows

[mm] Perfect Gas Wind

Tunnel Test Matrix
—— Reentry Trajectory

Major Data Problems
=> Include Data Precision
and Model Temperature
Effects

Reynolds Number
3

0 5 10 15 20 25 30
Mach Number
Fig. § Analysis of STS flight body-flap flexibility effects: a)

Rockwell’s body-flap flexibility data and b) body-flap flexibility
corrections.
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Fig. 6 Orbiter wind tunnel data base.
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the revised data compared to the ADDB? data (M, =8). The
normal force (Cy) is decreased about 4%, giving a small nose-
up moment.

Basic Body Aerodynamics

The computational results have been presented in previous
works (for details, see Refs. 4-7). A synopsis will be given in
this paper.

The applicable flow regimes of the various computational
codes are shown in Fig. 8. Six advanced CFD codes®!3 have
been applied to a modified Orbiter geometry to obtain detailed
viscous and inviscid flowfield solutions. Solutions were ob-
tained for wind tunnel conditions to validate the computa-
tional results and for hypersonic flight conditions. Figure 9
presents a sketch of the Orbiter and Fig. 10 illustrates the
geometry for which the computations were performed. The
major differences between the inviscid computational model
and the actual Orbiter geometry are as follows: 1) the wing
sweepback angle has been increased from 45 to 55 deg, 2) the
wing thickness of the model is about twice that of the Orbiter,
3) the computational geometry is squared off at the body-flap
hinge line, and 4) the rudder and OMS pod are not included in
the model geometry. The computational geometry was ob-
tained from NASA/LaRC and was not altered during the
course of this investigation. An elliptical upper surface was
added to create the viscous model. These modifications were
necessary in order to obtain CFD solutions for this complex
body.

Code Validation

To establish the credibility of the CFD results and to assess
the effect of geometrical differences on the aerodynamic
parameters, initial computations with CM3DT and STEIN
were made to compare with wind tunnel results. The specific
wind tunnel data used in this comparison are from AEDC
Tunnel B. A comparison of the computed and experimental
normal-force coefficients is shown in Fig. 11.

Predicting the pitching moment is a severe test for any CFD
code. Figure 12 shows a comparison of the computed pitching-
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Fig. 7 Analysis of AEDC tunnel experimental data.
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Fig. 8 Computational regimes of various codes.
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SSPNS: viscous space-marching afterbody code
STEIN: inviscid space-marching afterbody code
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Fig. 10 Computational model geometry.

moment coefficient with the experimental values for the basic
Orbiter geometry. The maximum deviation, which occurs at
an angle of attack of about 30 deg, corresponds to a difference
in the center of pressure of only 0.3% of the body length, in-
dicating that the computational model is a realistic representa-
tion of the actual Space Shuttle Orbiter.

The results of these comparisons give confidence in the ap-
plicability of the computational code to the complex model
Orbiter geometry. These CFD codes and a set of high-quality
Mach 8 tunnel data are the tools used to develop a hypersonic
simulation model.

Real-Gas and Mach Number Effects

Real-gas effects on the normal-force coefficient of the
Space Shuttle Orbiter model are illustrated in Fig. 13. The
Mach numbers for the real-gas computations in this figure
correspond to points of the Orbiter re-entry trajectory. Figure
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Afterbody Region
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Fig. 11 Comparison of computed normal-force coefficient with ex-
perimental data. )

13 indicates a slight decrease in the normal-force coefficient,
attributable to real-gas effects caused by the lower pressures
on the aft part of the Orbiter.

Real-gas effects on the pitching moment are illustrated for a
high-velocity, high-altitude trajectory point in Fig. 14 by com-
paring the results for perfect-gas computations with those for
equilibrium-air thermodynamics. This figure reveals that the
real-gas effects drive C,, more positive, with the effects being
most significant at high angles of attack.

The combined Mach number and real-gas effects are il-
lustrated in Fig. 15 for the high- Mach number conditions, in
terms of the forward shift of the aerodynamic center of
pressure from the baseline, M, =8, perfect-gas case. This
figure shows that the shift in the center of pressure is about 12
in. forward for an angle of attack of 35 deg and about 21 in.
forward for an angle of attack of 20 deg, resulting in signifi-
cant changes in the aerodynamics of the Shuttle.

The combined correction of C, and C,, attributable to in-
viscid Mach number and real-gas effects is shown in Fig. 16 as
a function of the angle of attack («) and Mach number. Three
significant factors should be noted. These are: 1) there is a loss
in normal force (C,) attributable to high- Mach number and
real-gas effects, 2) at the angle of attack of 40 deg, the Mach
number and real-gas effects on C), at re-entry Mach numbers
are about 0.0300 (nose up), and 3) at Mach 8 (baseline condi-
tion) there is a small, yet significant, real-gas effect that is not
included in the data base.

Viscous Effects

Simple approximate analytical expressions for the viscous
contributions to C, and C,, have been derived to supplement
PNS solutions and permit extrapolation of those results to
higher angles of attack. The derivation and validation of these
expressions and the results of the PNS solutions are given in



338 GRIFFITH, MAUS, MAJORS, AND BEST

M-8

© CM3DTISTEIN, vy = 1.4

+0, 02} e » AEDC Tunnel B {Ref. 7)
Re | *5x106
o 0 CG=10.650L
-0.02-
-0.04
.

Fig. 12 Comparison of computed pitching-moment coefficient with
experimental data.

1.2
Lo a, deg
' QMW} 35
0.3
M} 30
Cn
0.6
O Perfect Gas, vy = 1.4
A Equilibrium Air
041 (CM3DT/STEIN)
0.2 ; | I s —
0 5 10 15 20 25
My

Fig. 13 Real-gas effect on normal-force coefficient.

004y
)
(CABDTISTEIN)
0.02p- C6-06501L

Equilibrium Air

15 20 25 30 35 40 4
a, deg

Fig. 14 Real-gas effect on pitching-moment coefficient.

Ref. 5. The analytical expressions are

AC,, =3.63V,, sina (cosa)'™ 6))
ACy, = —0.765V, sina (coso)'" )

An examination of Eq. (2) indicates that viscous effects on the
basic Orbiter body cause a nose-down movement.

Control Effectiveness

An investigation of the control-surface effectiveness was
carried out in a manner similar to that performed on the basic
vehicle itself. The body flap and elevons were modeled as two-
dimensional compression corners, and computations of the
flowfield were made using time-marching inviscid and viscous
CFD codes. Figure 17 presents a sketch of the computational
method and the CFD codes used in the analysis. No significant
Mach number effect was found for either the body flap or
elevons (less than 5% of the moment contribution attributable
to the body flap).
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Real-Gas Effects

Limited computations for the influence of real gas on the
body flap at Mach 23 are presented in Ref. 7. The computa-
tions were made for an altitude of 240 kft. The computational
data were modeled by assuming a variation with Mach
numbers (hence altitude) and angle of attack identical to the
basic body real-gas effect on C,, (see Fig. 16). The results are
shown in Fig. 18 for the STS3 trajectory. Since all the trajec-
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tories are somewhat similar, this curve can be utilized for any
present STS trajectory. Note that real-gas effects increase the
body-flap effectiveness.

A similar study was made on the elevons. The results in-
dicated that the maximum effect of real gas was less than 5%
of the moment contribution attributable to the elevons.

Viscous Effects

The influence of viscosity on the body flap was also com-
puted and modeled. A substantial loss of effectiveness is
shown in Fig. 18 at Mach 23 and an altitude of 240 kft. The
CFD data were modeled using the method derived in Ref. 14,
which included the effect of entropy-layer swallowing.
Therefore,

(ACMU)BF =fIK/(Re)"] 3

Figure 18 presents the loss in body-flap effectiveness along the
STS3 trajectory. This curve is also good for all trajectories to
within +2%. Computations made for the elevons indicate the
loss in effectiveness is only 50% of the loss incurred by the
body flap.

Simulation Methodology Compared with Flighi Data

Some results of the simulation procedure as outlined in Fig.
4 are presented in Figs. 19 and 20. Figure 19 shows a com-
parison of the rigid body-flap deflection from flight STS1 and
the methodology model. The methodology model considers
the body-flap flexibility corrections shown in Fig. 5. The com-
parison shown in Fig. 19 is the maximum deviation of any of
the nine flights considered. Also shown in this figure is the
preflight prediction of the required body-flap deflection com-
puted using Ref. 1.

A summary of the flight normal force (C,) compared to the
CFD computations is shown in Fig. 20. The CFD computa-
tions give an excellent representation of the flight data.
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Fig. 18 Computed real-gas and viscous effects on body flap, STS3
flight.
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Fig. 19 Comparison of simulation methodology with STS1 flight
data.
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Simulation Model Updated with Flight Data

The comparison of the simulation methodology with the
flight data presented in Fig. 19 shows substantially better
agreement than the preflight predictions. Despite the im-
proved agreement, deficiencies in the methodology are still
apparent, particularly in the pitching moment and/or control
effectiveness. The extensive flight data base for the Shuttle Or-
biter permitted a re-examination, assessment, and modifica-
tion of the various components that comprise the simulation
model as illustrated in Fig. 3. Several regression studies were
made using data from the first nine flights and the simulation
model in the following order:

1) Data below 220 kft where the body flap was near
zero—Within this data bank, the only component of the
simulation model that should vary would be the basic body
real-gas and Mach number model. The basic body viscous ef-
fects within this data bank would be insignificant.

2) Data near Mach 8—To update the body-flap flexibility
effects. All other components of the simulation model should
not vary.

3) Data between Mach 8 and Mach 18—To update the real-
gas and Mach number effects on the body flap. The remaining
components of the simulation model were not allowed to
change.

4) Data between Mach 18 and 25 (= 250 kft)—To update the
viscous effects on the body flap.

Each regression analysis used the updated simulation model
from the previous analysis.

Modification of the Basic Body and Real-Gas Effects

The regression analysis from the data where the body flap
was near zero was used to update the basic body real-gas and
Mach number model. These results are shown in Fig. 21.
There are several possible reasons why a flight adjustment is
necessary. The most likely would be the differences between
the actual flight vehicle and the computational model.
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Fig. 21 Flight-indicated adjustment to basic body Mach number aund
real-gas effects.
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Modification of the Body-Flap Flexibility Effects

The regression analysis near Mach 8 was used to update the
body-flap flexibility effects. The logic was that 1) the influence
of real gas would be small, 2) viscous effects would be very
small, and 3) the consistency of the ground test data indicated
that no problem existed with this data base. Figure 22 shows
the updated body-flap flexibility corrections.

Modification of the Body-Flap Real-Gas and Mach Effects

The flight data between Mach 8 and 18 were used to update
the real-gas and Mach effects on the body flap, since viscous
effects in this regime are small. The analysis (Fig. 23) indicated
that the computational results overpredict the body-flap
effectiveness.

Modification of Body-Flap Viscous Effects

Viscous effects become important for the STS trajectories at
about Mach 18 and above. A regression analysis on the flight
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data in this region indicates that the computational results

underpredict the loss of body-flap effectiveness as shown in
Fig. 23.

Updated Simulation Model Compared with Flight Data

Comparisons of the updated simulation model and the STS
flight data are shown in Figs. 24-26. Figure 24 shows the im-
proved agreement with STS1 data at various points along the
trajectory. Figures 25 and 26 give a comparison near Mach 8
and Mach 23 with the first nine STS flights. Also shown is the
variation that +1.0 in. in the Orbiter center of gravity would
give. The updated simulation model is in excellent agreement
with the flight data.

Concluding Remarks

A methodology model has been developed using bench-
mark wind tunnel data and advanced CFD codes for the Space
Shuttle Orbiter above 150 kft. The methodology model has
been updated using flight results and gives excellent results.

The same approach could be used for any other flight vehi-
cle. The main restriction with this approach is that each
methodology model is configuration-limited. However, the
advances in ground testing, computational fluid dynamics,
and scientific computations make this approach very attrac-
tive, especially for less complex bodies. CFD solutions for
simple geometries are less demanding, and the matrix of com-
putational conditions can be relatively sparse. The authors
have used this approach for several Air Force re-entry vehicles
with excellent results.

The three main requirements are 1) a reliable set of wind
tunnel data, 2) validated CFD codes, and 3) a careful assess-
ment of all the known variables that could affect the vehicle
re-entry. :
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