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X-33 Aerodynamic Computations and Comparisons
with Wind-Tunnel Data
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and
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A computational fluid dynamics study conducted at the NASA Langley Research Center to support the phase
II development of the X-33 vehicle is detailed. Aerodynamic computations for the X-33 vehicle were performed
using two finite volume, Navier-Stokes solvers and an inviscid Euler code. Computations were made for a range
of wind-tunnel test conditions from Mach 4.63 to 10.0 with angles of attack from 10 to 48 deg and body flap
deflections of 0, +10, and +20 deg. Additional computations were performed over a parametric range of freestream
conditions with Mach numbers of 4-10 and angles of attack of 10-50 deg. Computational results and comparisons

with wind-tunnel aerodynamic data are presented.

Nomenclature
a = speed of sound, m/s
b = wing span, m
Cy = axial force coefficient
C, = pitching moment coefficient
Cy = normal force coefficient
L = length,m
L/D = lift-to-dragratio
M = Mach number
Re = Reynolds number, 1/m
N = reference area, m?
T = temperature, K
U = velocity, m/s
o = angle of attack, deg
égr = body flap deflection, deg
As = wall cell height, m
" = viscosity, kg/(m-s)
0 = density, kg/m®

Introduction

HE X-33 vehicle will be a subscale technology demonstra-

tor for an economical, full-scale, single-stage-to-orbitreusable
launch vehicle (SSTO-RLV). Itis intendedto prove the feasibility of
the SSTO-RLV concept through demonstration of key design and
operational aspects of the vehicle. Additional background on the
X-33 program is provided in Refs. 1-5.

As part of an industry/government partnership in the X-33 pro-
gram, the NASA Langley Research Center (LaRC) was tasked to
provide aerodynamic and aeroheating results to support the design
and development of the vehicle. Earlier results of this work have
beenpresentedby Hamiltonet al.,® and Thompsonetal.” The current
research program is detailed in companion papers by Berry et al.,
Hollis et al.,” Horvath et al.,'° Murphy et al.,!' and Thompson.!? In
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this paper, aerodynamic performance predictions from two Navier-
Stokes codes and an inviscid Euler code are presented and com-
pared with data from several supersonic and hypersonic wind tun-
nels. Aerodynamic computations for a parametric range of Mach
numbers and angles of attack are also presented.

X-33 Geometry

A briefhistory of the X-33 configurationevolutionthroughphase
IT of the program is presented in Ref. 10. The current configuration
(Fig. 1) is a lifting-body delta planform with twin vertical tails,
canted fins, and body flaps. The body lengthis 19.3 m (63.2 ft) from
the nose to the end of the engine module, and the span across the
canted fins is 23.2 m (76.1 ft). The canted fins have a dihedral of
20 deg and a —8.58-degincidence angle. Reference dimensions for
aerodynamic coefficients are given in Table 1.

Computational results presented in this paper are based on the F-
Loft, Rev-F configuration (Lockheed designation 604B002F) and
experimental results are based on the F-Loft, Rev-G configuration
(Lockheed designation 604B002G). The overall given dimensions
apply to both configurations, which differ only in that the Rev-G
configurationhas minor modificationsto the aft, upper surface of the
vehicle, which should have no impact on the high-angle-of-attadk
hypersonic cases discussed in this paper.

Computational Methods
Numerical Algorithms

Computational predictionsfor comparisons with wind tunnel test
data were generated using the Navier-Stokes solvers GASP'3 and
LAURA'*! and the inviscidsolver FELISA.'®!” Wind-tunnel com-
putations were performed with GASP and LAURA using a lam-
inar, perfect-gas thermochemical model and with FELISA using
an inviscid, perfect-gas model. Additional wind-tunnel cases were
computed with a CF; thermochemical model using LAURA and
FELISA. Perfect-gas cases were also computed across a parametric
M-« range using GASP.

The GASP code'? is a three-dimensional, finite volume, Navier-
Stokes solver that incorporates numerous flux formulations, total
variation diminishing limiters, thermochemical models, turbulence
models, and time-integration methods. As discussed in Ref. 9, a
third-order,upwind-biased, min-mod limited scheme, with a Roe'®
flux formulation in the body-normal direction and a Van Leer'”
formulation in the other two directions, was identified as the best
set of options for generatingaccurate predictions.Full viscousterms
were retained for all three directions. The Jacobi scheme was used
for time integration. The perfect-gasmodel was used for all cases.
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The LAURA code'*!5 is a three-dimensional Navier-Stokes
solver based on a point-implicit relaxation scheme and Roe'® av-
eraging with Yee’s?® symmetric total variation diminishing limiter
for inviscid fluxes. The code includes perfect-gas, equilibrium, and
nonequilibriumair models and a CF, thermochemical model. The
perfect-gasair and CF, models were used for the wind-tunnelcases.

The FELISA'®!7 software package consists of a set of codes used
for the generation of unstructured, three-dimensional, tetrahedral
grids and the solution of the steady, three-dimensional Euler equa-
tions on those grids. FELISA includes solvers for both transonic
and hypersonic flows and thermochemical models for air (perfect-
gas and equilibrium) and CF,. For the cases discussed in this paper,
the hypersonic solver was used with the perfect-gas air and CF,
thermochemicalmodels. The FELISA volume grid generation soft-
ware is discussedin Ref. 16, and the hypersonic solver is discussed

19.3 m
(63.2ft)

Leeward View

Canted fins

in Ref. 17. Further details of the FELISA X-33 computations are
presented in Ref. 21.

Grid Generation and Adaption

The GASP and LAURA Navier-Stokes flowfield computations
were performed on a single-block, half-body, structured grid??
(Fig. 2). Grid scale was 0.7% to match the wind-tunnel test model.
To lessen the computational requirements, the engine module and
wake were not included in this grid, and a fake-wake, solid-body
representationwas employed for the regions between the canted fins
and the ends of the body flaps as well as between the body flaps.
Note that this fake-wake surface was not included when integrating
surface pressure loads to determine aerodynamic coefficients. The
baseline grid, which was used for all LAURA computations, had
(254 x 181 x 65) points in the longitudinal, circumferential, and
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Fig. 1 Full-scale X-33 F-Loft, Rev-F vehicle.
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Fig. 2 X-33 computational surface geometry with fake-wake extension.
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normal directions, respectively. The number of grid points was de-
creased for the GASP computationsto (127 x 181 x 65). The lower
density of the GASP grid was shown to be sufficient for aeroheating
computations in Ref. 9 and so should also be sufficient for aero-
dynamic computations. Additionally, a series of parametric M-«
computations was performed with GASP on a (65 x 91 x 33) point
grid to investigate aerodynamic trends. A single GASP computa-
tion was also performed on a full-wake grid, which included the
engine module to determine if the fake-wake approximation had
any significant effects on the computed aerodynamic parameters.
This full-wake grid had 15 blocks with a total of 2.7 x 10° grid
points.

For each angle-of-attack case, grid adaption was performed to
align the outer domain of the grid with the bow shock and to clus-
ter grid points within the wall boundary layer. Typically, the outer
boundary was adjusted so that the shock was located at approxi-
mately 80% of the normal distance between the wall and outer grid
boundary. Approximately 50% of the normal grid points were clus-
tered within the wall boundary layer, and the wall cell Reynolds
number (Re, = paAs/u,) was set in the range of 10-20. The
scheme employed to perform these manipulations is based on that
described in Ref. 15. When necessary, additional grid quality re-
finement and smoothing were performed using the Volume Grid
Manipulation code.”

The FELISA inviscid computations were performed on unstruc-
tured tetrahedral volume grids generated with the FELISA software
package. Becausethe inviscid code is not capable of simulating sep-
arated flow regions, the wake of the vehicle was not included in the
grid, and a fake-wake extension was employed as was done with
the structured grid. Separate grids were generated for each of the
differentsets of FELISA wind-tunnel computations. The number of
tetrahedrons in the grids varied from 6.5 x 10° to 7.9 x 10°.

Experiment Background

The experimental aerodynamic tests that complement this study
are presentedin detailin Ref. 11. The goal of these tests was to define
the aerodynamicperformanceof the X-33 vehicle. The aerodynamic
data reported in Ref. 11 were acquired in the LaRC 20-Inch Mach
6 Air Tunnel, 31-Inch Mach 10 Air Tunnel, 20-Inch Mach 6 CF,
Tunnel, and Unitary Plan Wind Tunnel (UPWT). Information on
the first three facilities can be found in Ref. 24, and the UPWT is
described in Ref. 25.

Aerodynamic testing of the F-Loft, Rev-G (604B0002G) con-
figuration was conducted with a 0.7%-scale metallic force-and-
moment model. Data were obtained for angles of attack from —4
to +48 deg with body flap deflections from —15 to 430 deg. Test
Mach numbers in the various facilitiesranged from 4.63 to 10, with

Reynolds numbers from 1.6 x 10%/m to 2.5 x 107/m (0.05 x 10°/ft
to 7.5 x 10%/ft). A complete discussion of test parametrics is pre-
sented in Ref. 11. A limited uncertainty analysisis presentedin that
reference, in which an uncertainty correspondingto £0.5% of the
full-scale range of the force-and-moment balance is applied to all
aerodynamicdata.

Computational Results and Comparisons
with Experimental Data

Results from the computations for wind-tunnel conditions are
presented in this section and compared with experimental data. Re-
sults from the M-« parametric computations are also presented.
Computed and measured aerodynamic performance is discussed in
terms of the normal force Cy and axial force coefficients C 4, lift C;,
and drag coefficients Cp, and the pitching moment coefficient C,,.

Freestream and Boundary Conditions

Wind-tunneltest case computations were performed for the oper-
ating conditions of the NASA Langley 20-Inch Mach 6 Air Tunnel,
31-Inch Mach 10 Air Tunnel, 20-Inch Mach 6 CF, Tunnel, and
UPWT, and additional cases were computed in a M-o paramet-
ric space bounded by Mach numbers of 4.0 and 10.0 and angles
of attack of 10 and 50 deg. Freestream conditions for all of these
cases are listed in Table 2. The wall boundary condition was set to
a uniform temperature of 300 K.

Aerodynamics for M- Parametric Space Cases

To investigate the effects of Mach number and angle of attack
on the aerodynamics of the X-33 vehicle, a series of perfect-gas
GASP computationswas performedacrossarange of Mach numbers
from 4.0 to 10.0 and angles of attack from 10 to 50 deg with 0-deg
body flap deflections. A constant Reynolds number of 6.59 x 10°/m
(2.01 x 108/ft) was maintained for all computations. The freestream
temperatures for the cases were determined by linear interpolation
as a function of Mach number with the temperatures anchored to
the nominal operating conditions of the Mach 6 Air and Mach 10
Air wind tunnels.

Results from these computations are presented in Figs. 3-8. The
predictions for the force coefficients, C,, Cy, C., and Cp, and
the lift-to-drag ratio L /D all show similar behavior, with the co-
efficient vs angle-of-attack curves for each variable decreasing as
Mach number increases (Figs. 3-4 and 6-8). A trend toward Mach
numberindependencecan also be identified by noting that the differ-
ences between the curves decrease with increasing Mach number.

Table 3 Differences in coarse and fine grid aerodynamic
predictions for Mach 10 cases

GASP
Table 1 Reference dimensions Coefficient 127 x 181 x 65 65x91x33 % Difference
for X-33 F-Loft, Rev-F Caata=20 0.1202 0.1206 +033
Dimension Full scale 0.7% Cyata=20 0.3391 0.3388 —0.09
Cpata =20 0.0113 0.0114 +0.88
Sret 149.4 m? (1608 ft?) 0.732 cm? Cpata=30 0.1192 0.1195 +0.25
Ly, L 19.3 m (63.2 ft) 13.5¢cm Cy ata =30 0.6833 0.6813 —0.30
B 23.2m (76.1 ft) 16.2 cm Cp ata =30 0.0071 0.0073 +2.82
Biet 11.2 m (36.6 ft) 7.84 cm Cypata=40 0.1143 0.1144 +0.09
C.Quref 12.7m (41.7 ft) 8.89 cm Cy ata =40 1.0541 1.0544 +0.03
Reef 1.21 m (3.97 ft) 0.847 cm C,y ata =40 0.0022 0.0019 —13.6
Table 2 Flow conditions for wind-tunnel cases
Too, Uoo, Reoo, o,
Case Mach K kg/m3 m/s 1/m deg
20-Inch Mach 6 Air 5.99 62.1 6.28¢—2 945.1 1.33¢7 12,20,24, 30, 36, 40, 48
31-Inch Mach 10 Air 9.98 489 1.71le—2 1414.0 6.84¢6 12,20,24, 30,36, 40, 48
Unitary Plan Wind Tunnel 4.63 65.0 7.45¢-2 7422 1.18e7 24,36, 48
20-Inch Mach 6 CF, 6.02 170 1.77e=2 849.3 1.48¢6 24,36, 48
M-« parametrics 4.0 68.0 4.88¢—2 660.1 6.59¢6 10, 20, 30, 40
5.0 65.0 3.8le—2 807.6  6.59¢6 10, 20, 30, 40, 50
6.0 62.0 3.10e—2 946.4  6.59¢6 10, 20, 30, 40, 50

8.0 56.0 2.20e—2
10.0 50.0 1.66e—2

1198.4 6.59¢6
1413.8 6.59¢6

10, 20, 30, 40, 50
10, 20, 30, 40, 50
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Fig. 3 GASP computations for variation of axial force coefficient with
Mach number and angle of attack.
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Fig. 4 GASP computations for variation of normal force coefficient
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Fig. 5 GASP computations for variation of pitching moment coeffi-
cient with Mach number and angle of attack.

However, the pitching moment coefficient behavior differs from
that of the other coefficients in that a stronger Mach number de-
pendency is observed (Fig. 5). For angles of attack above 20 deg, a
consistenttrend can be observed of a stable pitching moment curve
(0C,, /0 < 0) with the magnitude of C,, increasing with increasing
Mach number. The trim point (C,, =0) appears to be nearly Mach
independentat around 43 deg. Also, the C,, curves all appear to be
tending toward instability somewhere below o = 20 deg, depending
on Mach number.
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Fig. 6 GASP computations for variation of lift coefficient with Mach
number and angle of attack.
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Fig. 7 GASP computationsfor variation of drag coefficient with Mach
number and angle of attack.
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Fig. 8 GASP computations for variation of lift-to-drag ratio with
Mach number and angle of attack.

These M-« parametric space computations were performed on
a coarser grid (65 x 91 x 33) than the other GASP computations
with the intent of identifying trends rather than producing quan-
titative results. However, as shown in Table 3 by comparisons of
aerodynamic coefficients on this coarse grid with GASP computa-
tions on the finer grid (127 x 181 x 65) for the 31-InchMach 10 Air
Tunnel cases, the accuracy of these coarser grid results is almost as
good as the those on the finer grid, at least for aerodynamics. The
parametric computations are within less than 1% of the finer grid
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computationsexcept for the pitching moment at « = 30 and 40 deg,
where the value of this coefficient is approaching zero.

Aerodynamics for Wind-Tunnel Cases

Aerodynamic predictions for each of the wind-tunnel cases are
presented in this section. Normal force, axial force, and pitching
moment coefficients are plotted vs angle of attack for each case,
and curve fits to the experimental data from Ref. 11 are shown.
Uncertainty bounds on each coefficientresulting from the & 0.5% of
the balance full-scale-loaduncertainty estimate are alsoindicatedon
each plot by a shaded band outlining the curve fit. Where available,
C, and C,, predictions and data for body flap deflections of +10
and 420 deg are presented in addition to the 0-deg body flap cases.
Body flap deflections had little effect on the normal force, and so
only 0-deg body flap values are shown for Cy.

LAURA and FELISA aerodynamic predictions for the 20-Inch
Mach 6 CF, cases are presented in Figs. 9-11. Results from both
codes are in close agreement with the normal force and pitching
moment coefficient data. LAURA results are in close agreement
with the axial force data. Because the axial forces due to viscous
effects are not accounted for in the inviscid FELISA computations,
these predictions are significantly lower than the data.

LAURA and FELISA results for the UPWT cases are shown in
Figs. 12-14. For Cy and C,,, both codes again agree with the datato
within the experimentaluncertainty. The inviscid FELISA C 4 values
are again, as expected, lower than the data, whereas the LAURA
predictionis slightly outside of the lower uncertainty bound.

GASP, LAURA, and FELISA computationsfor the 31-InchMach
10 Air Tunnel cases and 20-InchMach 6 Air Tunnel cases are shown
in Figs. 15-17 and 18-20, respectively. Note that results for 410-
and +20-deg deflected body flaps cases are also included in these
plots. The inflections in the +10- and +20-deg flap deflection
pitching moment curves for both tunnels at high angles of attack
were found to result from a bow-shock/flap-shock interaction. This
interaction is discussed in more detail in the subsequent “Bow-
Shock/Flap-Shock Interaction” section.

For the Mach 10 cases, the GASP, LAURA, and FELISA predic-
tions for all variables are within the experimental uncertainty except
for the FELISA C, predictions. For the Mach 6 cases, normal force
computations are within the experimental uncertainty, but both ax-
ial force and pitching moment computations underpredict the data.
These differences between computation and experiment are rela-
tively constant for C 4, but increase with angle of attack for C,,.

The reason for the differencesin the Mach 6 results has not been
determined, but the effects of excluding the wake from the com-
putations were examined by running a full-wake computation. As
shown in Fig. 20, the pitching moment coefficient from a GASP
15-block, full-wake computation for the Mach 6, « = 36 deg case
differs only slightly from that of the LAURA fake-wake compu-
tation for the same point. This agreement would suggest that the
fake-wake representation is not the cause of the pitching moment
discrepancies.

As discussed by Murphyetal.,'! the pitchingmoment differences
will not significantly affect the stability and control performance of
the X-33. At high angles of attack, this difference is of the same
magnitude as the pitching moment change produced by only a few
degrees of body flap deflection. The X-33 vehicleis designed with a
+30-deg body flap deflection range, but in hypersonic, high angle-
of-attack flight, the vehicle is close to being trimmed without any
body flap deflections. Thus, considerable excess control ability is
available to account for any uncertainties in the pitching moment
predictions or experimental data.

Bow-Shock/Flap-Shock Interaction

Computations for the 31-Inch Mach 10 Air Tunnel and 20-Inch
Mach 6 Air Tunnel cases revealed the existence of an interaction
at high angles of attack between the bow shock and the shocks
created by the flaps when they are deflected to 410 or +20 deg. This
interaction can also be seen in the heating data presented in Ref. 10.
The wave system created by this interaction is illustrated by the
pressure contours plotted in Fig. 21. Note that the shock interaction
produces an expansion fan, which impinges on the trailing edge of

Boundary layer
separation

Bow shock

(through flap) Flap shock
Bow shock EXGANSIGH fan
(in symmetry plane) S

Shock interaction

Fig. 21 Pressure contours showing shock-shock interaction for Mach
6, o = 40 deg case.

the flap. The lower pressure behind this expansion wave decreases
the efficiency of the flaps, which causes the pitching moment to
begin increasing at higher angles of attack. This effect can be seen
in the +10- and 4-20-deg flap deflection pitching moments plotted
in Figs. 17 and 20. This interaction also affects the flap heating
environment, as discussed in Ref. 9.

Summary

Computationshave been performed using the GASP and LAURA
Navier-Stokes codes and the FELISA inviscid Euler code to pre-
dict the aerodynamic characteristics of the X-33 phase II vehicle.
These predictions were compared with wind-tunnel aerodynamic
data obtained in supersonic and hypersonic wind tunnels.

Aerodynamiccomputationsfor each of the four wind tunnels were
found to fall within the estimated experimental uncertainty of the
data except for the FELISA axial force predictions and some of the
axial force and pitching moment predictions (from all codes) at the
higher angles of attack for the 20-Inch Mach 6 Air Tunnel cases.
The FELISA axial force discrepancies were expected and were due
to the absence of viscous axial force contributions in an inviscid
solver. The pitching moment discrepancies were not resolved but
were relatively small and well within the control authority of the
X-33 vehicle.

The close agreement between computational and experimental
results presented in this paper complements the experimental aero-
dynamic database used in the design of the X-33 vehicle and the
optimization of its trajectories by providing a greater measure of
confidence to the experimental results. Furthermore, the compu-
tations added points to the database that were not covered in the
wind-tunnel tests. The computations also showed that an interac-
tion between the bow and body flap shocks was the cause of the
degradation of the pitching moment contribution of the body flaps
at high angles of attack.
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