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Experimental and Computational Analysis of Shuttle
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During the high-Mach-number, high-altitude portion of the first entry of the Shuttle Orbiter, the vehicle exhibited
a nose-up pitching moment relative to preflight prediction of approximately ACm = 0.03. This trim anomaly has
been postulated to be due to compressibility, viscous, and/or real-gas (lowered specific heat ratio 7) effects on basic
body pitching moment, body-flap effectiveness, or both. In order to assess the relative contribution of each of these
effects, an experimental study was undertaken to examine the effects of Mach number, Reynolds number, and ratio
of specific heats. Complementary computational solutions were obtained for wind-tunnel and flight conditions. The
primary cause of the anomaly was determined to be lower pressures on the aft windward surface of the Orbiter
than deduced from hypersonic wind-tunnel tests with ideal- or near-ideal-gas test flow. The lower pressure levels
are a result of the lowering of the flowfield 7 due to high-temperature effects. This phenomenon was accurately
simulated in a hypersonic wind tunnel using a heavy gas, which provided a lower 7, and was correctly predicted
by Navier-Stokes computations using nonequilibrium chemistry.

Nomenclature
b = reference wingspan, in.
Cm = pitching-moment coefficient, pitching momentIq^Sc
CN = normal-force coefficient, normal force Iq^ S
C' = Chapman-Rubesin constant evaluated at reference

temperature
c = reference mean aerodynamic chord, in.
e = static energy
h = static enthalpy
L = Shuttle Orbiter reference length, in.
MOO = freestream Mach number
Pt - stagnation pressure, psia
Pt2 = pitot pressure, psia
Re^ = freestream unit Reynolds number, ft"1

#£OO,L = Reynolds number based on reference length
S - reference area, ft2

Tt = stagnation temperature, °R
Voo = viscous-interaction parameter, M00^/(Cf)/^/(Re00^L)
a = angle of attack, deg
y = ratio of specific heats, h/e
Yoo = freestream specific heat ratio

Introduction

DURING the high-Mach-number, high-altitude segment of the
first entry of the Space Shuttle Orbiter, with laminar, con-

tinuum flow over the windward surface, the vehicle exhibited a
nose-up pitching-moment increment (ACm) relative to preflight
prediction of approximately 0.03. This caused the body flap to de-
flect twice the amount thought necessary to achieve trimmed flight.
This so-called pitch-up anomaly has been investigated1"4 over the
years, with explanations ranging from compressibility, to viscous,
to real-gas (high-temperature) effects5 on basic-body pitching mo-
ment and/or body-flap effectiveness. Compressibility and viscous
effects, while affecting basic aerodynamics, also govern the be-
havior of flow separation ahead of deflected control surfaces. Low
values of the Reynolds number, such as occur in flight at high
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altitudes, may cause the flap to lose effectiveness by submerging
it in a thick boundary layer such that the flap does not encounter
the inviscid flow. In addition, high viscous shear of the crossflow
in the nose region has been postulated as the mechanism to in-
duce nose-up pitching moments.6 High-temperature effects occur
when air heats as it crosses the strong bow shock of the vehicle
in hypersonic flight. The main consequences as far as aerodynam-
ics are concerned are an increase in the shock density ratio, hence
a decrease in the shock detachment distance and an alteration of
the inviscid flowfield, and a lowering of the flowfield specific heat
ratio.

Predicted aerodynamic characteristics of the Orbiter are docu-
mented in the preflight Aerodynamic Design Data Book (ADDB).7
The data in this document span the Mach-number range from
subsonic to hypersonic, and are a compilation of many hours of
wind-tunnel testing. An advisory group was formed to analyze this
large volume of data and to provide a best estimate of the flight
aerodynamics.8 This group decided the primary scaling parameter
should be the length Reynolds number below a freestream Mach
number of 15, and the viscous-interaction parameter V^ for flight
above M^ = 15. Real-gas effects were considered9 prior to flight,
but uncertainties associated with the available data resulted in an ad-
justment to the tolerances (allowed error in prediction) rather than
to the preflight estimates themselves.

In order to clarify and substantiate the causes of the flight-to-
preflight discrepancies, a systematic study was undertaken to exam-
ine the effects of Mach number, Reynolds number, and real-gas
effects on basic body pitching moment and body-flap effective-
ness. Two approaches were used. First, conventional hypersonic
wind tunnels, all with instrumentation upgrades and most with new
nozzles that provide better flow uniformity, were used to exam-
ine the effects of Mach number and Reynolds number on con-
figuration aerodynamics and control effectiveness. Effects due to
specific heat ratio were examined in the 20-in. Mach 6 CF4 tun-
nel, where testing in a heavy gas simulates the higher flight den-
sity ratio and lower specific heat ratio characteristic of a real gas.
Second, a full Navier-Stokes computer code utilizing finite-rate
chemistry was used to predict the flowfield over the entire or-
biter windward geometry, including the deflected body flap, for
both wind-tunnel and flight conditions. Comparisons are made be-
tween the present experimental results, computational predictions,
the preflight aerodynamic data book released in 1980,7 and aero-
dynamic coefficients derived from the flight of STS-1. The re-
sults of this study are expected to help define the optimum ap-
proach for the design of the next-generation space transportation
system.
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Table 1 Reference dimensions for various models

Model Scale b, in. c, in. Xc.g.,in. Zc.g.,in. L, in.

Shuttle
Shuttle
Shuttle
Modified

Full
0.0040
0.0075
0.0075

2690.0
0.0433
0.1513
0.1513

936.68
3.756
7.025
7.025

474.81
1.904
3.561
3.561

838.7
3.363
6.290
6.290

-25.0
-0.100
-0.1875
-0.1875

1290.3
5.174
9.677
9.677

Table 2 Nominal test conditions

Shuttle Orbiter

a) Shuttle orbiter

Modified Orbiter

b) Modified orbiter
Fig. 1 Sketch of configurations used in this study.

Experimental Method
Models

Three models were used for this study. Two were scale models
of the full Shuttle Orbiter configuration, with scales of 0.004 and
0.0075. Body-flap deflections tested were 0.0, 12.5, and 16.3 deg
for the smaller model and 0.0, 16.0, and 20.0 deg for the larger
model. The third model was a 0.0075-scale modified Orbiter geom-
etry, which accurately represented the windward surface, including
the body flap, but used elliptical cross sections to create the upper
surface. All models were numerically machined from stainless steel.
A verification check of the aerolines was performed prior to testing,
and both larger models represented the shuttle windward surface
aerolines within ±0.003 in. The smaller model met this tolerance in
general, but had deviations up to 0.008 in. along the windward cen-
terline just behind the nose region (from 2 to 25% of the reference
body length). A sketch of the geometries and reference dimensions
are given in Fig. 1 and Table 1, respectively.

Facilities
Five blowdown hypersonic wind tunnels were used in this study.

They were the 15-in. Mach 6 Hi-Temperature Air Tunnel, 20-in.
Mach 6 Tunnel, 31-in. Mach 10 Tunnel, 22-in. Mach 20 Helium
Tunnel, and the 20-in. Mach 6 CF4 Tunnel. The major components of
each facility are a high-pressure bottlefield, settling chamber, nozzle,
test section, diffuser, and vacuum spheres. The flow is heated by an
electrical resistance heater in all facilities except the 22-in. Mach
20 Helium Tunnel and the 20-in. Mach 6 CF4 Tunnel. The helium
facility has the capability to heat the flow, but it is not needed to
avoid flow liquefaction, and the CF4 facility uses a lead bath heater.
The helium and CF4 facilities reclaim the test gas from the vacuum
spheres; the others vent to atmosphere after the run is over. More
detailed descriptions, and recent calibrations for several, are found
in a paper by Miller.1()

Mach
Tunnel no. Scale
15-in. Mach 6 6.0 0.004

20-in. Mach 6 6.0 0.0075

31-in. Mach 10 10.0 0.0075

20-in. Mach 6 CF4 6.0 0.004

Reoo,
106 ft"1

0.5
4.0
0.5
1.0
2.0
4.0
7.6
0.5
1.1
2.2
0.5

10*
0.2
1.7
0.4
0.8
1.6
3.2
6.1
0.4
0.9
1.8
0.2

Pt,
/oo psia
1.40 45

240
1.40 30

60
125
250
475

1.40 350
720

1450
1.22 1600

Tt,oF

780
470
400
425
450
475
475

1350
1350
1350
800

Data Acquisition, Reduction, and Uncertainties
Aerodynamic data were obtained using six-component force-and-

moment balances for an angle-of-attack range from 20 to 45 deg.
The test procedure was essentially the same for all tunnels. Flow was
established in the test section; the model was injected and moved
through an angle-of-attack range in a pitch-pause manner; then the
model was retracted, and the tunnel shut down. Data were recorded
and averaged over a 1- or 2-s interval at the selected angles of
attack. Data were recorded continuously in the 15-in. Mach 6 and
20-in. GF4 Tunnels with the model at one angle of attack. These data
were then averaged over a user-defined time period. Flow conditions
were determined either from calibrations using stagnation values
as input conditions or from the ratio of a pitot probe pressure to
the stagnation pressure to obtain the Mach number. Difficulties in
determining flow conditions at low stagnation pressure (Pt « 30
psia, Re^ = 0.5 x 106) in the 20-in. Mach 6 Tunnel are discussed
in a paper by Miller.11 Data at this Reynolds number are only given
as increments, and not for the aerodynamic coefficients C^ and Cm.

The nominal flow conditions for each of the facilities are listed
in Table 2. Several balances were used in order to provide accu-
rate data over the wide range of loads encountered in the facilities.
The balances were mounted either on straight stings or on a blade
sting arrangement. Except for the helium-tunnel data, the balances
were water-cooled to minimize errors due to heating of the balance.
Weight tares, sting deflections under load, and balance interactions
were accounted for in the usual manner for each tunnel.12 Base pres-
sure was measured at one or two locations during each run and used
to correct the data to freestream pressure on the base. All data are pre-
sented about a moment reference center of 65% of the reference body
length. Two sting placements were used: a straight sting through the
base, and a blade sting that replaced the vertical tail. The effect of
sting placement and the effect of model scale were small, and are dis-
cussed in greater detail in a paper by Paulson and Brauckmann.13 The
accuracy of the experimental data was determined using the small-
sample method presented by Kline and McClintock.14 The uncer-
tainties associated with balance accuracy (±0.5% full load), angle
of attack (±0.1 deg), and freestream pitot pressure (see Table 3) are
allowed for. Freestream pitot pressure variations, as determined by
facility calibrations, directly affect the Mach number and therefore
dynamic pressure used in nondimensionalizing the data to coeffi-
cient form. The accuracies are presented in Table 3.

Other Experimental Techniques
An oil flow visualization technique was employed to look at sep-

aration patterns on the models. The model was painted with a com-
mercially available high-temperature flat-black paint. Next a thin
coat of clear silicon oil of desired viscosity was applied. A mixture
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Table 3 Experimental uncertainties

Tunnel Balance Scale 106 CN

15-in. Mach 6

20-in. Mach 6

31-in.MachlO

20-in. Mach 6 CF4

CF4-3B 0.004
2039CM
2044A 0.0075

2030

2044A 0.0075

CF4-3B 0.004

0.2
1.7
0.9
0.8
1.6
3.2
5.6 ,
0.4
0.8
1.7
0.20

2.0
2.0
2.0
1.4
1.1
0.7
0.4
2.0
1.0
1.0
2.0

±0.0251 ±0.0057
0.0201 0.0043

±0.0322 ±0.0090
0.0213 0.0045
0.0131 0.0023
0.0136 0.0048
0.0076 0.0026

±0.0345 ±0.0076
0.0208 0.0045
0.0147 0.0023

±0.0233 ±0.0036

of oil and white artist's pigment was then applied by flicking the
end of a small brush dipped into the oil mixture, so that the model
was covered with many small dots of oil. Flow was established in
the tunnel, and the model injected at the desired angle of attack.
After a brief period, on the order of 5 s, the model was retracted.
Photographs were taken outside the tunnel after the run. Schlieren
photographs of the flowfield around the model were taken using a
double-pass schlieren system in both Mach 6 air tunnels as well as
the 20-in. CF4 tunnel.

Computational Method
The LAURA (Langley aerothermodynamic upwind relaxation

algorithm) code was used in this study to solve the thin-layer
Navier-Stokes equations. A description of this code is presented
in detail in several papers by Gnoffo et al.15~17 The invis-
cid first-order flux is constructed using Roe's18 flux-difference-
splitting and Harten's19 entropy fix with second-order corrections
based on Yee's20 symmetric total-variation-diminishing scheme.
A seven-species (N, O, N2, O2, NO, NO+, and e~) chemi-
cal reaction model is used for the nonequilibrium computations.
The usual no-slip boundary condition for viscous flow is ap-
plied at the wall, and freestream conditions are set at points
on the outer boundary of the computational domain. The exit
plane is set so that the inviscid outer flow is supersonic. The com-
putations presented allow for a variable wall temperature. These
values are based on the radiation equilibrium temperature at the
wall, and were determined from computed heating rates. A catalytic
wall boundary condition was used, based on Scott's21 recombination
rates for nitrogen and those of Zoby et al.22 for oxygen. A multiblock
solution strategy is applied in two stages. The first stage may be
regarded as a space marching solution, like the parabolized Navier-
Stokes (PNS) methods, except that three-dimensional data blocks
are employed rather than two-dimensional data planes. The second
stage is a conventional, global relaxation, which uses the first-stage
solution as an initial condition. The computational results presented
herein are discussed further, and with more detail about the code
and solution procedure, in papers by Weilmuenster et al.23>24

Results and Discussion
Ideal-Gas Results at Mach 6 and 10 in Air

For the low- to midhypersonic Mach numbers the flight-to-
preflight discrepancy is small. Postflight analyses of heating data
indicate that the orbiter wind ward-surf ace boundary layer is every-
where turbulent. Results at Mach 6 are presented showing the effect
of Reynolds number on CN and Cm for the baseline (zero control-
surface deflections) in Figs. 2a and 2b, respectively. The data show
only a slight effect of Reynolds number. CN is decreased and Cm
is slightly nose-down with increasing Reynolds number; however,
it should be noted that most of this is within the accuracy of the
data, especially for the lower Reynolds numbers (and hence dy-
namic pressures). Results for a body-flap deflection of 16.0 deg are
shown in Figs. 2c and 2d. CN is approximately the same for all
Reynolds numbers, indicating an increase relative to the baseline
configuration. The pitching moment shows a marked nose-down
increment with increasing Reynolds number, indicating a more ef-
fective body-flap as Reynolds number increases. The cause of these

CN

b)Cm

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4
30 35 40 45

c)CN

cm

20 25 30 35 40 45
a, deg

d)Cm

Fig. 2 Effect of Reynolds number on Shuttle Orbiter aerodynamics.

effects can be traced to changes in the location of boundary-layer
separation and reattachment in front of and on the body flap. Sur-
face streamline patterns (oil flows) on the windward surface in the
vicinity of the body flap are shown in Figs. 3a-3d. The model is at
an angle of attack of 40 deg with a body-flap deflection of 16.0 deg.
As the Reynolds number increases, the separation region shrinks.
While the forward separation line moves rearward a small amount,
the main effect is the forward motion of the reattachment line on the
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a) a = 40 deg, <5BF = 16.0 deg, ReL = 0.4 X 106 c) a = 40 deg, £BF = 16.0 deg, ReL = 1.6 X 106

b) a = 40 deg, <5BF = 16.0 deg, ReL = 0.8 X 106 d) a = 40 deg, <5BF = 16.0 deg, ReL = 3.2 X 106

Fig. 3 Oil flow visualization of body-flap region in 20-in. Mach 6 tunnel.

flap itself. The separation is not as well defined at a length Reynolds
number of 1.6 x 106; the oil appeared somewhat smeared or runny.
Several repeat runs were made, which verified this pattern. It is pos-
tulated that the flow is, or is near, transitional; at the next Reynolds
number tested, ReL = 3.2 x 106, the flow overcomes the pressure
gradient due to the deflected flap and remains attached on the whole
lower surface, and the oil flow appears clear and sharp again.

Similar aerodynamic and oil-flow results were observed at Mach
10. The data and oil-flow photographs can be found in papers by
Brauckmann et al.25 and Paulson and Brauckmann.13 At M^ = 10,
no limiting case of flap effectiveness was obtained, as at M^ = 6,
presumably because there was insufficient Reynolds-number varia-
tion to achieve transitional flow.

Comparisons of the current M^ = 6 and M^ = 10 results with
the preflight prediction (ADDB) and to STS-1 mission flight-derived
data points are made in Figs. 4a-4c. The highest-Reynolds-number
experimental data are used, but are still below flight values. All
data are interpolated at flight values of a, referenced to a center-of-
gravity location of 0.65L, and the flight-derived data points have
been adjusted to zero control-surface deflection using the ADDB
effectiveness values.

The agreement of the current values of CN with the data book is
very good. Both the current data and the preflight prediction over-
estimate the the flight CN by a slight amount. The agreement in
pitching moment is not as good, especially at Mach 10. Values from
the ADDB are in between the current data and flight. The discrep-
ancy between the current data and flight represents a movement in
c.p. location of 7.7 in., or 0.6% of the body length. It is probable
that nonideal-gas effects are present. Also, recall that the flight data
were corrected using ADDB control-surface effectiveness values.

The body-flap effectiveness ACm at M^ = 6 and 10 is compared
with the preflight prediction in Fig. 4c. The Reynolds number has a
small effect on the basic body pitching moment at these Mach num-
bers, primarily affecting body-flap effectiveness. As just shown, the
predicted body-flap effectiveness is bounded by the current tests.
Although not duplicating the preflight data book, the current tests
are in line with the results. Conventional hypersonic wind tunnels
(nonimpulse) are therefore able to accurately describe the aerody-
namics of this class of entry vehicles at these low- to midhypersonic
Mach numbers. Proper determination of flight control-surface ef-
fectiveness requires proper simulation of the state of the boundary
layer (laminar, transitional, or turbulent).

Computational Predictions
Computational fluid dynamics (CFD) was used to examine dif-

ferences between ideal-gas and real-gas flowfields. Ideal-gas flow-
fields can be duplicated in the wind tunnel, whereas in this study
real-gas effects were only simulated. Solutions for the modified or-
biter geometry corresponding to wind-tunnel and flight conditions
were obtained at angles of attack of 35,40, and 45 deg for body-flap
deflections of 0, 5, 10, 15, and 20 deg. The data were interpolated
for body-flap deflections of 16.0 and 16.3 deg, to compare with
data from the wind-tunnel tests. The input conditions for which
solutions were obtained are given in Table 4. A more complete dis-
cussion of these results can be found in a paper by Weilmuenster
et al.23 A comparison of the predicted values with wind-tunnel data
for the modified orbiter configuration was made, and the results are
discussed by Paulson and Brauckmann.13 The predictions were in
good qualitative agreement, although the code overpredicted CN by
about 2.5%. Differences in Cm amounted to 1 % error in c.p. location.
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Table 4 Computational points

Case
1
2
3
4
5

Flight

STS-1
STS-2
STS-2
STS-2

Wind tunnel

Altitude,
km

73.1
72.4
64.4
54.8

GMT,
s

64748
75620
75950
76130

a,
deg

39.4
39.4
41.2
39.7
40.0

<$BF,
deg

15.973
14.914
13.54
12.92

*c,
deg

-0.444
1.7436
1.511.
0.74

Moo

23.68
24.3
18.07
12.85
10.00

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

o
D

6.0
9.9
6.0

10.0
6.0

10.0

0.0 5.9 current data
0.0 1.8 current data
0.0 —- ADDB
0.0 --- ADDB
0.0 16.7 STS-1
0.0 6.2 STS-1

20 25 30 35
a, deg

40

0.04 r

0.00 - |

-0.04

cm

-0.08

-0.12

-0.16

b)Cm

0.002

0.000
ACm

•w —————— -y — r__

M^

O 6.0
D 9.9

. ———— 6.0
- - - - - - - - 10.0

• 6.0
• 10.0

20 25

^3^^ -̂'^^
8BF ReL
deg x10'6
0.0 5.9 current data
0.0 1.8 current data
0.0 — - ADDB
0.0 ---- ADDB
0.0 16.7 STS-1
0.0 6.2 STS-1

30 35
a, deg

Mw A5BF

deg
O 6.0 16.0
D 9.9 16.0

———— 6.0 16.0
- - - - - - - 10.0 16.0

^.^

O t̂ "̂ .̂
D

40 45

R6L,X1Q-6

5.9 current data
1.8 current data
— - ADDB
— - ADDB

-0.002

-0.004

-0.006 •—L
20 25 30 35 40 45

a, deg

c)
Fig. 4 Comparison of present results with ADDB and flight (STS-1).

In order to examine the differences in the flowfield that occur
in flight, computations were carried out using finite-rate chemistry
on the modified orbiter geometry at flight conditions. As shown in
Fig. 5, the occurrence of high temperatures associated with this flight
condition dissociates the flow within the shock layer so that the ratio
of specific heats, y , defined here as h/e, is reduced from 1.4 in the
freestream, to 1.3 immediately behind the shock, to about 1.14 near
the body. In the nose region, y is reduced to about 1.12. The ma-
jor effect of this change in y is a lowering of the surface pressure
on the last 20% of the vehicle. A plot of the computed centerline
surface pressure for wind-tunnel and flight conditions is given in
Fig. 6. Included are results from a solution at a Mach number of 24

z,in

Level

Flight condition
Mo. = 24, a = 40 deg

500 1500
x.in

Fig. 5 Computed variation of 7 in windward flowfield of modified
Orbiter.

P/PooV~

1^=10,7=1.4
M00 = 24,7=1.4

•— M,,,, = 24, nonequilibrium chemistry
a = 40 deg

-0.4-

1500
z, inches

Fig. 6 Computed centerline surface pressure for modified Orbiter.

using an ideal-gas value for y of 1.4. There is a small difference
due to Mach number itself, but the largest difference is due to the
lower y. The lower y results in the expansion on the aft end occur-
ring to a greater degree, lowering the pressure over a large area of
the vehicle.

It should be noted that the Orbiter geometry has a large influence
on the magnitude of the real-gas effects. The Orbiter has an ex-
pansion that starts at approximately 0.8L, which coincides with the
largest planform area, and thus the expansion of the flow, relative to
ideal-gas flow, lowers the pressure over a large area. The effect of
this reduced pressure on the aerodynamic coefficients is shown in
Figs. 7a and 7b. The lower pressure on the aft end causes a reduc-
tion in normal force and a nose up pitching-moment increment. The
computed increment in CN between tunnel and flight conditions is
0.062 and 0.048 for <$BF = 0.0 and 1 6.3 deg, respectively. This agrees
well with the increment found in flight, AC# = 0.059 (preflight
ADDB to flight, STS-1). The increment in Cm for <5BF = 0.0 deg
is 0.040, which is larger than the increment found between flight
and preflight prediction. For the 16.3-deg flap case, however, the
increment is 0.028, which is very close to that found between the
preflight ADDB and flight. The difference in the two increments
can be traced to greater flap effectiveness at flight conditions.

There are two reasons for the greater calculated flap effectiveness.
The predicted separation region in front of and on the flap is smaller
in flight than in the wind tunnel for the same length Reynolds num-
ber. Calculated streamline patterns in the region of the body flap at
both tunnel and flight conditions for a flap deflection of 20 deg are
shown in Figs. 8 a and 8b. The much smaller separation region for
flight conditions is evident. In addition, as discussed by Weilmuen-
ster et al.,23 the pressure rise on the flap was higher in flight than
in the wind tunnel, but this was due to a combination of Mach and
y effects. In fact, the lower y tends to reduce the pressure rise, but
the higher Mach number in the shock layer in flight overcomes this.
A solution at M^ = 24 (flight) but with y = 1 .4 (ideal gas) was
not obtained on the deflected flap configuration; thus a separation
of these effects cannot be made.

An analysis of control-surface effectiveness was performed after
the first few flights of the Shuttle Orbiter.8 Both an elevon and a
body-flap pulse maneuver were analyzed in terms of c.p. location
for predicted and flight performance. While the results were biased
from the perfect correlation line, the conclusion was reached that
flap effectiveness, as presented in the preflight ADDB, was predicted
correctly. More analysis of this discrepancy is needed.
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1.8'

1.6 -

1.4 -

1.2

1.0

0.8

0.6

0.4

M 5BF ReL

deg xlCT6

10.0 0.0 0.8 (wind tunnel conditions)
24.0 0.0 0.8 (flight conditions)
10.0 15.0 0.8 (wind tunnel conditions)
24.0 15.0 0.8 (flight conditions)

30 45
a, deg

M

0.04

-0.04

-0.08 -

-0.12 -

8BF ReL

deg xlO"6

10.0 0.0 0.8 (wind tunnel conditions)
24.0 0.0 0.8 (flight conditions)
10.0 15.0 0.8 (wind tunnel conditions)
24.0 15.0 0.8 (flight conditions)

30 35 40
a, deg

45

Fig. 7 Comparison of modified Orbiter aerodynamics at wind tunnel
and flight conditions.

- Wing trailing edge

Body flap

Flow

1300 1350 1400

a) Wind tunnel, a = 40 deg, £BF = 20 deg
- Wing trailing edge

1250 1350 1400

b) Flight, a. = 40 deg, £BF = 20 deg
Fig. 8 Calculated surface streamline patterns in vicinity of body flap
at wind-tunnel and flight conditions.
High-Mach-Number Simulation

Two facilities at Langley were used to examine the high-Mach-
number flight regime: the 22-in. Mach 20 Helium tunnel and the
20-in. Mach 6 CF4 tunnel. The helium tunnel uses purified helium,
which behaves as an ideal gas with a y of 1.667. There are a number
of advantages to testing with helium, the primary one being that very
high values of ReL may be generated at high Mach numbers without

1.8 -

1.6 -

1.4 -

1.2 L

1.0 -

0.8 ':

0.6 :

0.4

M 8BF Y ReL

deg x10'6
5.9 0.0 1.40 0.2
5.9 0.0 1.12 0.2
5.9 16.3 1.40 0.2
5.9 16.3 1.12 0.2

20 25 30 35
a, deg

40 45

0.08

0.04

0.00

-0.08
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Fig. 9 Comparison of Shuttle Orbiter aerodynamics in air and CF4.

having to heat the gas to prevent liquefaction. For this study, the fa-
cility provided a close match of flight Mach and Reynolds numbers.
However, the flowfield y remained at y = 1.667. The results from
the helium-tunnel tests25 showed a significant nose-down pitching
moment compared to flight, which can be explained by y being
higher rather than lower than ideal air. In addition, the body-flap
effectiveness was reduced. Thus, testing in helium is inappropriate
for the simulation of real-gas effects.

The CF4 tunnel uses a heavy gas that has a y lower than ideal air to
simulate this aspect of real-gas flows such as occurs in flight.26'27 The
value of y in the CF4 tunnel, around 1.15 in the shock layer, is close
to that determined to occur in flight. A comparison of aerodynamic
coefficients obtained in air and CF4 at identical values of Reynolds
number and Mach number is given in Figs. 9a and 9b. As can be seen,
testing in a heavy gas decreases the normal-force coefficient and
causes a nose-up pitch increment, when compared with results in air.
The decrease in CN is 0.046 for 8BP = 0.0 deg and 0.077 for 5BF =
16.3 deg. This decrement is approximately the same as the flight
decrement and that determined by the CFD analysis. The change in
Cm is 0.029 for 8EP = 0.0 deg and 0.027 for 5BF = 16.3 deg. This
increment is the same as the flight-to-preflight increment, but unlike
the CFD solutions, the increment is the same for the undeflected and
deflected body-flap configurations. For this configuration, then, with
an expansion region on the windward surface, the real-gas effects
are closely approximated by testing in a heavy gas such as CF4.

Conclusions
A study was undertaken at the Langley Research Center to resolve

the cause of the pitch-up anomaly observed during entry of the first
flight of the Shuttle Orbiter. Tests in five hypersonic wind tunnels
were conducted using Shuttle Orbiter and modified Orbiter (wind-
ward surface accurately modeled, leeside surface modeled by ellip-
tical cross sections) configurations to examine the effects of Mach
number, Reynolds number, and ratio of specific heats. In addition,
computational solutions for wind-tunnel and flight conditions were
obtained to complement the experimental results, and to extend the
analysis to flight conditions.

The low-hypersonic, ideal-gas wind tunnels adequately predicted
flight aerodynamics when no real-gas effects were present. Varying
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the freestream Mach number from 6 to 10 decreased CN slightly,
with a small nose-up increment to the pitching moment. Varying
the Reynolds number did not significantly affect the basic body
(zero control-surface deflections) pitching moment, but did affect
body-flap effectiveness, by altering the location of flow separation
and reattachment on the control surface. A limiting case for con-
trol effectiveness may have been obtained (at M^ = 6) when the
boundary-layer flow approaching the control surface became fully
turbulent and the flow stayed completely attached.

At high-Mach-number flight conditions, a marked decrease in
the specific heat ratio y of the gas in the shock layer occurs be-
cause of high-temperature effects. The primary effect of this lower
specific heat ratio within the flowfield of the Orbiter is lower pres-
sures on the aft windward expansion surface of the Orbiter, relative
to those deduced from hypersonic wind-tunnel tests with ideal- or
near-ideal-gas test flows, and thus a corresponding nose-up pitching
moment. Computationally, good agreement with the flight aerody-
namic coefficients was obtained with the flap deflected to approx-
imately 16 deg. Testing in a heavy gas in the 20-in. Mach 6 C?4
tunnel gave a good simulation of high temperature effects, as the
aerodynamic increments and flap effectiveness were in good agree-
ment with flight results.

The overall agreement between flight, computational solutions at
flight conditions (laminar boundary layer, continuum flow regime),
and measurements made in the CF4 tunnel was quite good. This
study has demonstrated that a preferred approach to accurately
determine the hypersonic aerodynamic characteristics of future
winged or lifting-body space transportation system concepts is to
test high-fidelity models in conventional facilities to provide base-
line and parametric data for hypersonic design optimization. High-
temperature effects should be simulated by testing in a heavy-gas
facility. Complementary CFD solutions should also be obtained to
substantiate these results and provide information at flight condi-
tions, thus giving high confidence in the predicted aerodynamics.
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