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Aerodynamics of the Shuttle Orbiter at High Altitudes

Didier F. G. Rault*
NASA Langley Research Center, Hampton, Virginia 23681-0001

The high-altitude, high-Knudsen-number aerodynamics of the Shuttle Orbiter are computed from low Earth
orbit down to 100 km using three-dimensional direct simulation Monte Carlo and free-molecule codes. Results are
compared with the latest Shuttle aecrodynamic model, which is based on in-flight accelerometer measurements,
and bridging-formula models. Good comparison is observed, except for the normal-force and pitching-moment
coefficients. The present results were obtained for a generic Shuttle geometry configuration corresponding to a

zero deflection for all control surfaces.

Nomenclature
A,B,C,D = body-surface elemental-plane coefficients
Cy = axial-force coefficient
Cp = drag coefficient
Cy = lift coefficient
Cn = pitching-moment coefficient
Cy = normal-force coefficient
C, = pressure coefficient
C, = shear coefficient
d; = distance to body-surface elemental plane
F,, Fy = forces in axial and normal directions, N
L/D = lift-to-drag ratio
Lot = reference length, 12.06 m
N/A = normal-to-axial force ratio
P = surface pressure, Pa
Py = freestream static pressure, Pa
q = dynamic pressure, 0.500S.tVZ, Pa
S = surface shear, Pa
Sref = reference surface area, 249.909 m?
Vo = vehicle velocity, 7500.0 m/s
XY Z = spatial coordinates

o = Shuttle incidence angle, deg
= freestream mass density, kg/m’

Introduction

LIGHT data recorded during the reentry of the Space Shuttle
Orbiter offer the possibility of studying the aerodynamics of an
actual flight vehicle over all flow regimes, from the free-molecule
regime at orbit altitudes through the transition regime in the 100~
200-km range and the continuum hypersonic, supersonic, and sub-
sonic flow regimes at lower altitudes. These data are of special in-
terest in the low-density, high-Knudsen-number domain, in which
very few flight data are available to validate simulation codes and
methods. The present paper is concerned with the three-dimensional
computer simulation of the flowfield around a reentering Shuttle
Orbiter from orbit altitude down to 100 km, and the comparison
of computed aerodynamic forces and moments with values derived
from flight data. Special codes and methods have been developed to
perform this simulation. In the high-Knudsen-number flow regime,
conventional computational fluid dynamics (CFD) methods, which
are based on solving the Navier-Stokes equations, cannot be used.
Instead, we have used a particle simulation approach, namely
the direct simulation Monte Carlo method. This method is first de-
scribed with special emphasis placed on the specific features that
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make our implementation both relatively easy to set up and com-
putationally efficient. The method is based on Bird’s F3 algorithm!
and has already been used on a variety of problems.>~> Two major
additions have been made to the method to simulate the Space Shut-
tle: 1) a solution adaptation and 2) a high-resolution grid definition.
This latter feature is necessary to resolve the high-density layer that
typically develops on the windside of the relatively cold reentry ve-
hicles. Failure to resolve this region appropriately has been shown
to lead to substantial errors in the computation of shear forces and
heat transfer rates.

The Shuttle aerodynamic characteristics were computed at five
nominal altitudes along the reentry trajectory, namely 100, 110, 120,
145, and 170 km. Results of these calculations and their implications
are presented. It is shown that as the Shuttle altitude decreases, the
structure of the flowfield gradually changes from a shockless thick
compression layer, typical of the free-molecule flow regime, to a
viscous-shock layer, and finally to a more continuumlike shock—
boundary-layer structure characterized by a strong shock. The com-
puted aerodynamics compare fairly well with flight-data-derived
values, except for two instances, namely, the normal-force coeffi-
cient and the pitching-moment coefficient. The normal-force coef-
ficient appears to remain close to or above its free-molecule limit
value over most of the transition flow regime. This peculiarity is dis-
cussed and analyzed. The pitching moment increases significantly
with rarefaction, and the center of pressure is found to move for-
ward about 2.5 m from orbit altitude to 100 km. These observations
are attributed to a redistribution of the shear and pressure forces on
the Shuttle surface. Finally, the aerodynamics of the Shuttle in low
Earth orbit (LEO) with open cargo-bay doors are presented.

Simulation Method; Direct Simulation Monte Carlo

In the low-density, high-Knudsen-number flow regime, the com-
puter simulation of flowfields around vehicles can be extremely
complex on account of the nonequilibrium at all energy levels.
Collisions among gas molecules may be very infrequent, and the
gas is typically non-Maxwellian. Simulation methods relying on
the Navier-Stokes equations fail because of the breakdown of the
Chapman-Enskog relationships for transport properties and the in-
ability to uniquely define a translational temperature. An alternative
method, devised by Bird,” consists in simulating the gas no longer
as a continuous fluid but as a large ensemble of discrete molecules.
This method is called the direct simulation Monte Carlo (DSMC),
and has been highly documented in the literature and used by several
authors in the past 30 years over a wide range of geometries.! 1!

Recent effort has been aimed at extending the method to allow
for the simulation of flowfields around bodies of arbitrarily complex
geometry in three dimensions. The code that was used for the present
study was originally devised by Bird.! It has been further developed
by Rault in the course of recent studies on the aerodynamics of
slender reentry vehicles (delta wings,? waverider®), blunt re-entry
vehicles (AFE and Viking*), satellites,'® and the self-contamination
of satellites.!! High code efficiency is achieved through the use of a
Cartesian unstructured computational grid, as illustrated in Fig. 1,



Table 1 Gas model
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Diam.,? Degrees of freedom Vibr. Relaxational collision no.

Species A Rot. Vibr. temp., K Rot. Vibr.

O, 3.96 2 1 2270 5 50

N2 4.07 2 1 3390 5 50

(o] 3.00 0 0 — — —

N 3.00 0 0 — — —

NO 4.00 2 1 2740 5 50

2Tret = 300K.
rary 1500 —
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i Y 1000 — —e— After adaption
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i of cells 759
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T 3
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Fig. 1 Computational grid around Shuttle Orbiter at 110 km (before Number of simulated molecules per cell
adaptation). Fig. 2 Distribution of simulated molecules among grid cells after adap-

which shows the actual grid used in the simulation of the Shuttle at
110 km and 40-deg angle of attack. The body geometry is defined
and stored as an ensemble of cubic elements (pixels), each one being
characterized by a wetted surface area and a normal direction cosine.
Details on the code setup and performance are described in Ref. 12.

Our present implementation of the DSMC method uses the
variable-hard-sphere model to simulate intermolecular collisions,’
the Larsen-Borgnakke model to evaluate the internal energy transfer
among colliding molecules,” and Bird’s chemistry model.” The gas
is composed of five species, the characteristics of which have been
modeled as shown in Table 1. The molecule-wall interactions are
modeled as completely diffuse for both momentum and energy.

Comparison between our three-dimensional DSMC code re-
sults and experimental measurements, when available, has shown
excellent agreement.> The code has been optimized for vector-
architecture computers, implemented on parallel processors, and
complemented with a set of utilities for diagnosis, preprocessing,
and postprocessing.

DSMC Solution Adaptation

Three-dimensional DSMC codes can be highly intensive in CPU
time and memory and must be optimally tuned when simulating
low-Knudsen-number flowfields. A solution adaptation routine was
therefore developed with the following functions.

1) Establish the upstream boundary of the computational domain,
by locating the shock-layer leading edge, defined as the surface
where the local collision mean free path has increased by 10-20%
over the freestream value.

2) Establish the downstream boundary of the computational
domain by identifying the flow region that does not affect the vehicle
aerodynamics.

3) Restructure the computational grid to ensure that grid cell
dimensions are small in comparison with local mean free paths and
gradient scales.

4) Adjust the cell volumes so that each cell contains about the
same number of simulated molecules. Figure 2 shows the distribu-
tion of simulated molecules per cell before and after adaptation. A
fairly uniform distribution of the molecules among all cells is im-
portant to ensure that the flowfield converges uniformly throughout
the computational domain.

5) Adjust the molecular weight factors so that there are about
10-20 molecules per cell on average.

6) Adjust the simulation time step to be smaller than 1) the colli-
sion mean time and 2) the molecule residence time in a cell.

tation.
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Fig. 3 Computational grid around Shuttle Orbiter at 110 km (after
adaptation).

After adaptation, the simulation code is restarted using the previ-
ous molecule ensemble, which ensures a fast convergence. Figure 3
shows the computational grid in the Shuttle plane of symmetry
after adaptation.

Definition and Resolution of High-Density
Windside Body Layer

At hypersonic flight conditions, the ratio of freestream stagnation
temperature to body surface temperature is typically high. This high
temperature ratio results in large density increases near the body.
Within a thin layer along the windside of the vehicle, hereafter
referred to as the “body layer,” the gas density increases by a factor
of 10, reaching values of about 100 times the freestream density
on the body surface. In a computer simulation, adequate spatial
resolution of the computational grid within this thin layer is crucial
foraccurately predicting the shear forces on the body surface. As will
be shown, these shear forces, which in the continuum flow regime
are small with respect to pressure forces, become predominant as
the free-molecule flow regime is approached.

Bird’s original F3 code is not well suited to simulate either the
very thin body layer or the large density increases and would re-
quire very large CPU times and memory for typical flight vehi-
cles. A novel method had to be devised to allow one to construct
a very high-resolution grid on the windside of the vehicle while
retaining the basic F3-code grid structure, which has proven to be
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highly beneficial in terms of ease of code setup and computational
efficiency.

The basic F3-code computational grid is constructed on top of two
background Cartesian meshes: the coarse Cartesian mesh (CCM),
shown in the lower left corner in Fig. 1, and the fine Cartesian
mesh (FCM), located near the body surface and in high-density
regions. The body surface is discretized at the level of the fine
Cartesian mesh, i.e., the body is slightly deformed to conform
with the FCM mesh. As shown in Fig. 4, with such a scheme,
molecules are reflected on the faces of the cubic pixels and there-
fore never reach the actual surface of the body. Such an algorithm
can safely be used when simulating flowfields at high Knudsen
numbers or for wind-tunnel conditions (where the ratio of stag-
nation terperature to body surface temperature is typically low),
but not for flight conditions, at which the body layer may be
much thinner than the optimal pixel dimensions. In the case of
the Space Shuttle at altitudes lower than 120 km, optimal pixel
size is about 10-20 cm, depending on the CPU memory available,
whereas the windside body-layer thickness is on the order of a few
centimeters.

The approach that was devised to define the body layer on the
windside of reentry vehicles is schematically illustrated in Fig. Sa.
The body surface is decomposed into a series of planes, one for
each body pixel. Each plane is characterized by an equation of the
type

Ax+By+Cz+D=0

where A, B, C are the normal direction cosines and D is the distance
of the plane to the reference-frame origin. The computational grid
in the body layer is constructed with a series of planes parallel to
the body planar surface elements. The equations of each of these
planes is typically

Ax+By+Cz+D—d; =0

where A, B, C, D are the plane coefficients corresponding to the
closest body pixel and 4; is the distance of the plane to the body
plane. As illustrated in Fig. 5a, the body layer is broken down into
a series of layers at distances d;, d,, .. ., dy from the body planes.
These distances are read from an input file and could readily be
changed during the course of a simulation to adjust the grid thickness
according to the value of the local mean free path. To sample surface
properties, several adjacent body pixels are grouped together into
“surface sampling zones,” as shown in Fig. 5b. The body and flow
pixels associated with the body pixels belonging to a given surface
sampling zone form a stack of cells, as illustrated in Fig. 5b, each
cell being numbered as follows.

1) Cells 1 to M, for the first layer, where My, is the total
number of surface sampling zones adjacent to the body layer.

2) Cells (N — 1) Mo + 1 to N M, for the Nth layer.

Molecules entering the body layer are assigned to their cells
through a series of cross-reference arrays. A molecule at a point
(X, Y, Z) is known to be within pixel (NX = X/DP, NY = Y/DP,
NZ = Z/DP), where DP is the cubic pixel dimension. Through a
preset table, the pixel (NX, NY, NZ) is associated with the body
surface pixel k, which is characterized by normal direction cosines
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Fig. 5a High-resolution grid within windside body layer: cell layers.
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Fig. 5b High-resolution grid within windside body layer: computa-
tional cells.

(A, By, C) and a constant Dy. The distance from the molecule to
the body plane is therefore

diSt=AkX+BkY+CkZ+Dk

The layer L containing the molecule is defined as the layer that
satisfies the condition

dr_; < dist < dp
Finally, the cell N containing the molecule is
N = Jzone + (L - 1)Mzone

where Jyone is the surface sampling zone containing body pixel k.

This algorithm has several merits. It allows the user to set up
the near-body grid to any arbitrary high resolution. Moreover, since
molecules are assigned to their cells through a distance computation
and cross-reference arrays, the tracking of molecules within the body
layer is computationally fast. This algorithm has been implemented
for arbitrary geometry, and the details specific to the Space Shuttle
application are described in Ref. 12.

Flow Conditions, Atmospheric Properties, and
Vehicle Geometry

As the Shuttle orbiter reenters the atmosphere from orbit down
to 100 km, it traverses a flight domain where the Knudsen and
Reynolds numbers vary by several orders of magnitude, as illus-
trated in Fig. 6, which shows the re-entry trajectory of the Shuttle
in a Mach-Reynolds—Knudsen-number domain. The Reynolds and
Knudsen numbers are based on the vehicle length and the vehi-
cle orbital velocity of 7500 m/s. For Knudsen numbers larger than
10, the fiow regime is free-molecular, i.e., the aerodynamics of the
vehicle depend little on collisions among gas molecules, and for
a convex body shape such as the Shuttle Orbiter, the forces and
moments can be evaluated semianalytically.” In the transition do-
main, which extends down from Knudsen numbers of 10 at least to
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0.01 (Shuttle altitudes of 200 km down to 100 km, approximately),
a particle-tracing code, such as the DSMC code described above,
must be used. The DSMC code, however, becomes extremely diffi-
cult to use and requires large amount of computer time and memory
when Knudsen numbers are less than 0.01.

Table 2 shows the atmospheric conditions that were assumed at
the five nominal altitudes considered in this study. The atmospheric
densities can be seen to vary nearly 3 orders of magnitude over the
100- to 170-km altitude range.

The Shuttle Orbiter geometry was obtained from NASA Johnson
Spaceflight Center as a file of discrete data points, each being defined
by three spatial coordinates. The original geometry corresponded to
a body-flap deflection of 0 deg, an inboard elevon deflection of
10 deg, an outboard elevon deflection of S deg, and closed cargo-
bay doors. Using data on the hinge line of the control surfaces and
cargo-bay doors, it was possible to generate data files correspond-
ing to arbitrary control-surface deflections and cargo-bay door con-
figuration. The results presented herein were obtained with 0-deg
deflection for all control surfaces. The cargo-bay doors are closed
in the re-entry phase and open in orbit.

Simulated Flowfield around the Shuttle Orbiter

The structure of the flowfield around a re-entering Shuttle Or-
biter is illustrated in Figs. 7 and 8, which show the total gas density
around the vehicle as altitudes decrease from 170 to 100 km. Den-
sities are shown normalized to the undisturbed freestream density.
At 170 km, the flow disturbance extends far away from the Shuttle
surface and the computational domain is consequently large. Colli-
sions among gas molecules are rare, and the Shuttle “snowplows”
into the ambient atmosphere. The molecules that reach the vehicle
surface lose most of their energy and momentum as they diffusely
reflect on the surface, and then slowly travel to the boundary of the
computational domain, with little chance of colliding with incoming
molecules. No shock is formed, since gas molecules interact little
with each other. As the altitude is decreased, the extent of the flow
disturbance upstream of the Shuttle decreases, which allows for a
reduction of the size of the computational domain. Collisions among
gas molecules are more frequent, and density gradients steepen. At
100 km, a shock front can clearly be seen to have formed. It is char-
acterized by a rapid density increase from 1 to 4 times the freestream
density. The density also increases very sharply near the vehicle sur-
face. Figures 9 and 10 show the density profile along the stagnation
streamline at 120 and 100 km, respectively. At 100 km, the density

Table 2 Nominal atmospheric properties

Nominal No. density, Temp., Molar composition
alt., km molecules/m> K (o)) N, [e)
100 1.20 x 1019 193.7 0.18 0.78 0.04
110 2.20 x 1018 250.0 0.12 0.77 0.11
120 5.77 x 10" 335.0 0.08 0.74 0.18
145 6.56 x 1016 628.0 0.055 0.622 0.323
170 2.06 x 1016 790.4 0.040 0.523 0.437
0 Knudsen =:10.0 1.0 0.1 0.01
Free 80 km
molecutar
201
Mach
number
10f
<
Orbit
Transition Continuum
0 | ,/w,/// I I j
102 101 100 10° 102 108 10% 105

Reynolds number

Fig. 6 Shuttle trajectory in Reynolds-Mach-Knudsen-number
domain.

Fig. 7 Total-density map around Shuttle Orbiter at 170-klﬁ;itit:&e;

can be seen to increase 5-fold within 1 cm of the surface, reaching a
value of 220 times the freestream value near the vehicle surface. It
must be noted here, however, that this latter value is an overestimate
of actual gas density near the vehicle surface. All the computations
presented herein assume that the Shuttle surface is still cold and
isothermal at 300 K, whereas thermocouple measurements on the
windward surface indicate!® that at 100 km the temperature near
the stagnation point may be in the range of 600 to 800 K. Figures 9
and 10, however, do show the capability of our present code for
adequate spatial resolution of the thin subcentimeter body layer (to
within a local mean free path) over the 32-m-long Shuttle Orbiter.
Additional computations performed with isothermal surface tem-
perature of 600 K show very little effect on the overall aerodynamic
properties of the vehicle.

Aerodynamic Characteristics:
Comparison with Flight Data

Normal-to-Axial Force Ratio

Blanchard'#~!6 has used high-sensitivity micro-g accelerometers
to measure forces on the Shuttle Orbiter during re-entry in the al-
titude range of 60 to 160 km. The aerodynamic forces F, and Fy
in the axial and normal directions are derived from the measured
data upon removal of the effects of thrust, rotational acceleration,
auxiliary power unit (APU) exhaust plumes, and control-surface
deflection. The force ratio Fy/F, is of special interest in that it is
independent of the dynamic pressure, i.e., atmospheric density and
Orbiter reentry velocity. Figure 11 compares Blanchard’s reduced
data with the results of our DSMC computation. Table 3 summa-
rizes the DSMC results. All the results refer to zero deflection for
the elevons and body flap. Good agreement can be observed over the
whole altitude range considered in this study. Also shown in Fig. 11
are the results obtained with the DSMC code run in a collisionless
mode. In this mode, free-molecular conditions are simulated, which,
by comparison, allows one to quantify the transitional effects, i.e.,
the effects of intermolecular collisions on the aerodynamics. It can
be observed that these effects seem to disappear at 170 km, where
the DSMC ftransitional and free-molecular results converge. Pre-
flight estimates for the normal-to-axial force ratio are also shown in
Fig. 11.Y These early estimates appear to be somewhat low. Finally,
results obtained using Potter’s bridging formula'® are shown. This
bridging formula is based on wind-tunnel and early Shuttle data,
and good agreement can be observed with Blanchard’s model.

Lift-to-Drag Ratio
The lift-to-drag ratio L/D can be derived from Fy/F, if the
incidence angle « is known:

L _ FN/FA —tano

D~ 1+ Fy/F4 M
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Fig. 8 Total-density map around Shuttle Orbiter at 100-km altitude.
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Fig. 10 Density profile along stagnation streamline on Shuttle Orbiter
at 100-km altitude.

This ratio is also independent of the dynamic pressure. Figure 12
shows L/D computed with the DSMC code run in the transitional
and collisionless modes. The results are compared with wind-tunnel
data (corresponding to altitudes lower than 90 km) and flight data.
The gray band shown in the figure corresponds to a series of Shuttle
flights, each one occurring at different elevon and body-flap deflec-
tion angles and different atmospheric conditions.!> The gray-band
data were not corrected for control-surface deflection angle, i.e.,

N/N ]
. 31.64
B 23.17
14.70
6.23
1.92
1.7
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1.31
1.10
1.00
0.82
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0.41
0.20
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60k \ % | 7 Aerodynamic data book (Ref. 17)
’ \ '\‘ ~== Potter's bridging formula (Ref.18)
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ratio 400
20+

0
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Altitude, km

Fig. 11 Normal-to-axial force ratio on Shuttle Orbiter,

these data were not reduced to a zero deflection angle. Agreement
between computed results and flight data can be observed to be quite
good over the whole range of altitudes considered in the present
work. The results obtained by Bird! using an early version of the
F3 code are also shown for comparison. The modified Newtonian
limit, corresponding to a hypersonic inviscid flow, is shown to be
L/D = 1.10, which is very close to the value L/D = 1.06 com-
puted by Weilmuenster et al.'® using the continuum-fluid LAURA
code. Figure 13 shows that the preflight estimates for L/D ratio
are somewhat smaller than the measured values. Also shown are
Blanchard’s proposed aerodynamic model, which is based on flight
data,'6 and Potter’s bridging formula.

Axial Coefficient

The unambiguous determination of the axial and normal co-
efficients C4 and Cy from the axial and normal accelerometer
measurements would require the simultaneous measurement of the
freestream dynamic pressure or, alternatively, the atmospheric den-
sity and vehicle velocity. However, in situ measurements of atmo-
spheric density cannot readily be done between 90 km and low-Earth
orbit altitude. To estimate C4 and Cy, from flight data, Blanchard had
to devise an iterative procedure as described in Ref. 14. Figure 14
compares the DSMC-computed values of the axial coefficient with
the values obtained by Blanchard and using Potter’s bridging for-
mula. Good agreement can be observed at all altitudes, which might
be surprising in view of the fact that the actual atmospheric con-
ditions prevailing during flight are known to be different from the
standard conditions used in our DSMC computations. The preflight
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Table 3 DSMC numerical results: aerodynamic coefficients

Altitude, Drag Life Axial Normal Pitching moment Center of pressure

km Cp Cr Ca Cy Cy, around c.g. wrt. CG., m L/D
100 1.15 0.824 0.354 1.37 —0.0980 —-0.861 0.714
110 1.38 0.696 0.606 1.42 —0.145 —-1.24 0.506
120 1.65 0.564 0.901 1.49 —0.207 —1.68 0.342
145 197 0297 1.32 1.49 —0.286 —2.31 0.151
170 207 0.193 146 1.48 —0.293 —2.39 0.0931
1.25
Newtonian ® DSMC [ S— DSMC
_—';'OA —{J— DSMC collisionsless 1.8~ |~ 13— DSMC collisionsless
1.00 |- K BEEMEN Flight data (Ret.15) || [Tt Blanchard (Ref. 16)
wrers e Wind tunnel data (Ref. 22) — = Aerodynamic data book (Ref. 17)
Weilmuenster (Ref. 19) e = Potter's bridging formula (Ref. 18)
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Fig. 12 Lift-to-drag ratio on Shuttle Orbiter. Altitude, km
Fig. 15 Normal-force coefficient on Shuttle Orbiter.
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Fig. 16 Pitching-moment coefficient on Shuttle Orbiter.
s fairly large discrepancy, up to 20%, can be observed between the
Axial force DSMC computation and Blanchard’s model. Moreover, when com-
C"eg'mem J paring the transitional and collisionless DSMC results, it can be seen
A 10 / o ® oDswc that Cy does not increase monotonically from the low continuum-
/ I,"-/ —O— DSMC collisionsless flow vglues to .the. higher fre.e-.molecular .valucs‘ Instead, Cy reaches
/& Blanchard (Ret. 16) amaximum within the transitional domain at about 120 km, and then
0.5~ v — Aerodynamic data book (Ref. 17) decreases afterwards towards the free-molecular limit. This singular
/s __ herocyname , R g
/¥ T Potter's bridging formula (Ref. 18) behavior of the normal coefficient is discussed in the next section.
_ & Weimuenster (Ref. 19) Neither Blanchard’s proposed model nor Potter’s bridging formula
o =T Newtonian | ! ' L reproduces this behavior. The preflight estimates of Cy appear to
6o 80 100 1i?mude1 ‘:(?n 160 180 200 be closer to our present results, but do not predict the “overshoot”

Fig. 14 Axial-force coefficient on Shuttle Orbiter.

estimates, however, can be seen to overestimate C, significantly.
When comparing the transition and collisionless DSMC results, it
can be observed that, for the axial force, transition-flow effects are
still significant at 170 km.

Normal Coefficient
Figure 15 compares the computed values of the normal coefficient
with Blanchard’s proposed model and Potter’s bridging formula. A

observed with DSMC.

Pitching Moment

Figure 16 shows the pitching moment around the Shuttle Orbiter
nominal center of gravity located at Shuttle coordinates x = 1076.7
in.,z = 375.0in. Rarefaction effects can be seen to increase the mag-
nitude of the pitching moment from the modified Newtonian value,
which is close to wind-tunnel measured data, to the free-molecular
limit value. This pitching-moment increase is due to a redistribu-
tion of the pressure and shear forces acting on the Shuttle surface,
as will be shown below. Our present results are compared with the
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ones obtained by Blanchard and Hinson.?® They used the rate of
change of the Orbiter effective incidence angle between two control
thruster firings to evaluate the overall pitching moment acting on
the Shuttle body. The contribution of aerodynamics to the overall
pitching moment was deduced upon removal of the effects of APU
exhaust and gravity gradients. Blanchard’s reduced data, shown in
Fig. 16, correspond to a zero deflection angle for the elevons and
body flap. Figure 16 shows that our present results differ markedly
from the ones derived by Blanchard. This might in part be due to
the fact that, at the highest altitudes, the aerodynamic contribution
to the pitching moment is very small compared with the effects of
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—-—-— Thin plate (Ref. 9)
------- Thick plate (Ref. 9)
16 D—-@-——E}-——“‘a—'__ﬂ ——
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[ molecular
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Fig. 17 Normal-force coefficient on Shuttle Orbiter and flat plates.
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Fig. 18 Pressure and shear contribution to normal-force coefficient.
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the APU exhaust, and large errors may therefore be introduced in
the flight-data reduction procedure.

The rarefaction effects on forces and moments result in a shift of
the center of pressure in the forward direction by about 2.5 m as the
Shuttle descends from LEO to 100 km.

Analysis of the Normal-Force Coefficient

The singularity in Cy observed in our present DSMC computa-
tion, namely, the overshoot over both continuum and free-molecular
values, had been observed earlier by Dogra and Moss? in their study
of flat plates at 40-deg incidence. Their results, which are repro-
duced in Fig. 17, were obtained with the two-dimensional DSMC
code devised by Bird.” A thorough analysis of this overshoot needs
to be conducted, but a few remarks can already be made at this
point. Figure 18 shows that the aerodynamic force on the Shuttle
in the normal direction is mostly due to pressure forces. The shear,
or friction, forces contribute little to Cy and mainly affect the axial
forces. For a flat plate, Cy is entirely due to pressure forces. The
overshoot in Cy is therefore due to an overshoot of the pressure
forces on the vehicle, that is, an overshoot of the normal momen-
tum transfer from the gas molecules to the surface. Koppenwallner
and Legge®! have identified and explained a similar overshoot on
the drag coefficient of simple geometries. They have argued that, at
high Mach numbers, freestream molecules that in the free-molecular
regime would not reach the body surface are scattered within the
high-density gas cloud developing on the windside and redirected
towards the vehicle surface. Figure 19 schematically illustrates this
flux- and pressure-enhancing effect.

Surface Forces

The magnitude and distribution of the pressure and shear forces
on the Shuttle windside surface vary with altitudes as illustrated in
Figs. 20 and 21. These figures show the pressure and shear coeffi-
cients Cp, and C;, which are defined as follows:

Cp=(P—Py)/q
’ CS=S/qO @

where P, S, g are, respectively, the pressure (i.e., normal momen-
tum flux) and shear (i.e., tangential momentum flux) and the dy-
namic pressure. The quantity P, is the freestream pressure. At high
altitudes (above 120 km), the pressure forces appear to be fairly uni-
form over the whole windside of the Shuttle, with maxima near the
stagnation point and the wing leading edge. At the lower altitudes,
the pressure is mostly acting on the stagnation region and the wing
leading edge.

The shear forces uniformly decrease in magnitude from 170 to
100 km, as shown in Figs. 22 and 23. Moreover, they appear to
be fairly uniform over the windside at the higher altitudes, with a
minimum in the stagnation region. At the lower altitudes, high shear
forces can be seen to develop near the wing leading edge.

Fig. 19 Mechanism enhancing particle flux and momentum transfer.
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Fig. 20 Pressure force distribution on Shuttle Orbiter at 170 km.

;- o
0000000004 D
= NWHUODHDOO—-=NWON
NLWOORO-ANLENNDO

Fig. 21 Pressure force distribution on Shuttle Orbiter at 110 km.
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Fig. 22 Shear force distribution on Shuttle Orbiter at 170 km.

Fig. 23  Shear force distribution on Shuttle Orbiter at 110 km.

Table 4 Comparison of collisioniess DSMC and
free-molecular (FM) results

Altitude, Drag, Life, Axial, Normal,
km Code Cp Cr Ca Cn
100 DSMC 2.15 0.0621 1.61 1.43
FM 2.12 0.0735 1.58 1.42
110 DSMC 2.15 0.0708 1.60 1.44
FM 2.13 0.0759 1.58 1.43
120 DSMC 2.16 0.0746 1.61 1.45
FM 2.14 0.0785 1.59 1.44
145 DSMC 2.19 0.0787 1.63 1.47
™M 222 0.0870 1.64 1.49
170 DSMC 2.19 0.0845 1.63 1.48
FM 2.22 0.0923 1.64 1.50
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Fig. 24 Pressure force distribution on Shuttle Orbiter in orbit at 40-
deg incidence.
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Fig. 25 Shear force distribution on Shuttle Orbiter in orbit at 40-deg
incidence.

Orbit Aerodynamics: Free-Molecular Simulation

In orbit, the atmosphere density is very low, and intermolecular
collisions have little effects on the aerodynamics of the vehicle. The
aerodynamic forces and moments on an orbital vehicle can be com-
puted independently with either a DSMC code run in a collisionless
mode or semianalytical free-molecule code. The free-molecule code
developed by Rault!® was used to evaluate the aerodynamic char-
acteristics of an orbiting Shuttle at 40-deg incidence with an open
cargo-bay door. Results are shown in Figs. 24 and 25 in the form
of pressure and shear coefficients on the vehicle surface. These re-
sults can be observed to be very similar to the ones obtained with
the DSMC code at 170 km. Table 4 provides a further comparison
between the collisionless DSMC and free-molecule codes. This ta-
ble shows the aerodynamic force and moment coefficients com-
puted for a closed cargo-bay configuration using the collisionless
DSMC and the free-molecule codes for altitudes ranging from
100 to 170 km. Good agreement can be observed between the
particle-tracing DSMC code and the semianalytical free-molecule
code.

Conclusion

A simulation of the flowfield around the Shuttle Orbiter during
the early phase of its re-entry into the Earth atmosphere has been
conducted. Computations have been performed for altitudes rang-
ing from LEO down to 100 km. The present work was primarily
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done using a three-dimensional direct simulation Monte Carlo code,
which allowed us to simulate and analyze the highly nonequilibrium
flowfield over a wide range of Knudsen numbers. For this task, the
code was specially enhanced to allow for the spatial resolution of
high density gradients, which typically develop near the windside
surface of re-entry vehicles. The aerodynamic force and moment
coefficients were evaluated. Fairly good agreement has been found
with Blanchard’s proposed aerodynamic model, which is based on
highly sensitive accelerometer data measured in flight. Major dis-
crepancies, however, have been observed regarding the normal co-
efficient Cyy and the pitching moment. Our computations show that
Cl is characterized by an overshoot in the transition domain, similar
to the one observed in an earlier two-dimensional DSMC simulation
over flat plates at incidence. If confirmed, such an overshoot should
be taken into account in future reduction of flight data. Our values
for the pitching moment seem to indicate that the center of pressure
is further aft than predicted by Blanchard.
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