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Joint Computational/Experimental Aerodynamics Research on a
Hypersonic Vehicle, Part 2: Computational Results

Mary McWherter Walker* and William L. Oberkampft
Sandia National Laboratories, Albuquerque, New Mexico 87185

Parabolized and iterative Navier-Stokes codes are used to predict flowfield solutions around a hypersonic
vehicle. Aerodynamic force and moment predictions from the codes are compared with experimental data from
the Sandia National Laboratories Mach 8 wind tunnel. The comparisons are made on a spherically blunted cone
with a slice parallel to the body axis. On the slice portion of the vehicle, a flap can be attached so that deflection
angles of 10, 20, and 30 deg can be obtained. The Sandia parabolized Navier-Stokes code is used to generate
solutions for the sliced vehicle with no flap. For the vehicle with a flap, axially separated flow occurs, and a time
iterative Navier-Stokes code is used to provide comparisons with the data. Aerodynamic force and moment
comparisons are made for laminar flow, and an ideal gas is assumed in the calculations. A detailed study of grid
convergence is presented to determine the accuracy of the numerical solutions. Predictions obtained from the
codes show very good agreement with the experimental data for force and moment coefficients, except for large

flap deflections.

Nomenclature
C, = forebody axial force coefficient, A/(g.S)
C,, = pitch moment coefficient, M /(g.SD)), referenced
about x/L =0.5
Cy = normal force coefficient, N/(g.S)
D, = diameter of the base
L = body length, 10.391 in.
M, = freestream Mach number
G = freestream dynamic pressure
R; = freestream Reynolds number based on body length
ry = radius of the base, 2.0 in.
T, = radius of the nose, 0.2 in.
S = reference area, 11.525 in.2
T, = total temperature
T, = model wall temperature
T = freestream temperature
Xep = axial center of pressure measured from the nose
Y = angle of attack, positive when slice on windward side
] = flap deflection angle
¢ = transformed body axis normal coordinate
7 = transformed circumferential coordinate
£ = transformed streamwise coordinate
ol = model roll angle, 0 deg for slice on windward side at

positive o

Introduction

HE realization that certain flowfields can be computed

more accurately than they can be measured experimen-
tally should begin to change the relationship between compu-
tational and experimental aerodynamics. This paper and its
companion! address this changing relationship and seek to
improve the synergism between computational aerodynamics
and wind-tunnel experimentation. The purpose of this project
is to improve the confidence and accuracy in both computa-
tional aerodynamic predictions and wind-tunnel measure-
ments. The numerical and physical approaches can each gain
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from this joint endeavor by using the strengths of one ap-
proach to offset the weaknesses of the other, and vice versa. In
this project, computations and experiments were conducted
for perfect gas, laminar flow over a hypersonic vehicle geome-
try. The model geometry was designed so that it could be
modified easily to produce a range of flow characteristics. For
the simplest configuration, we developed higher confidence in
the accuracy of the computational fluid dynamics (CFD) solu-
tions than the experiment. For the more complex configura-
tions, however, the reverse was true.

In this paper, computational results are obtained for a
10-deg half-angle spherically blunted cone with a slice parallel
to the cone axis. Aerodynamic force and moment predictions
are compared with wind-tunnel data from the Sandia Mach 8
hypersonic wind tunnel. These comparisons are made on a
sliced vehicle both with and without a windward flap. The
dimensions of the vehicle are shown in Fig. 1. The windward
flap can be deflected 10, 20, or 30 deg. The Sandia parabolized
Navier-Stokes (PNS) code is used to generate solutions for the
sliced vehicle. For the geometry with the flap deflected, re-
versed flow occurs, and a time iterative Navier-Stokes code is
used to provide comparisons with the data. Force and moment
and surface flow visualization comparisons are made for lam-
inar, ideal gas flow. More complete experimental results for
the same geometry and wind-tunnel conditions are given in
Ref. 1.
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Fig. 4 Error in force and moment coefficients vs LMAX.

Computational Aerodynamics Codes

Two types of numerical approaches were used for compari-
son with, and evaluation of, the experimental measurements:
a PNS approach and a time iterative Navier-Stokes approach.
The PNS approach is able to tightly couple the viscous and
inviscid flows and accurately simulate crossflow separation.
The PNS approach can be used for all supersonic flows as long
as the axial flow remains in the streamwise direction. Time
iterative Navier-Stokes solutions were computed only in re-
gions where the flow is subsonic or axially separated. A sum-
mary of the two solution techniques follows.

Blunt Nose Solution for Parabolized Navier-Stokes Calculations

To obtain PNS solutions over a blunt-nosed vehicle, the
three-dimensional, subsonic and supersonic flow over the
spherical nose is calculated first by using the thin-layer, time-
iterative, Navier-Stokes equations. The three-dimensional
Navier-Stokes (NS3D) code?? is used to compute the flowfield
around the nose. The NS3D code provides a starting solution
for the PNS code, which is used to advance the flowfield
solution along the body. The NS3D equations are obtained
from the unsteady Navier-Stokes equations by neglecting the

viscous derivatives in the streamwise and circumferential di-
rections. The viscous derivatives are retained only in the nor-
mal direction. This is referred to as the thin-layer model. The
same viscous terms that are dropped in boundary-layer theory
are also dropped in the thin-layer model. However, the verti-
cal momentum equation is retained, and a constant pressure is
not imposed through the viscous layer. Unlike boundary-layer
theory, the thin-layer model avoids the difficulty of matching
an inviscid layer with a viscous layer.

NS3D solves the continuity, momentum, and energy equa-
tions in a body-fitted, shock-fitted transformed space. The
equations are solved by approximating all partial derivatives
by finite difference expressions. The difference equations are
solved by an unsteady, implicit algorithm. Block tridiagonal
systems are inverted in each space coordinate at each time
step. The solution is advanced in time until a steady-state, i.e.,
converged, solution is reached.

Parabolized Navier-Stokes Solution

The PNS equations are thin-layer Navier-Stokes equations
with an approximation for the convective flux vector. These
assumptions permit stable timelike marching of the equations
downstream from initial data. The latter assumption does not
permit calculation of flows that have separation in the axial
direction. Three-dimensional crossflow separation, however,
is permitted. The stated approximations are physically justi-
fied for high to moderate Reynolds number flow past bodies
with mild axial geometry changes.

The PNS equations are also solved in a body-fitted, shock-
fitted transformed space. The finite difference form of the
PNS equations are formulated into an approximately fac-
tored, locally linearized form. The numerical solution is a
noniterative, implicit, finite-difference algorithm. The differ-
ence equations are treated in vector form, and their solution
requires a factored sequence of block-tridiagonal equations.
The equations are solved by inverting the block-tridiagonal
systems in the two crossflow plane coordinates at each loca-
tion of the marching coordinate. The flow is solved by march-
ing the finite difference equations in planes normal to the axis
of the vehicle. Two initial planes of supersonic flow data to
start the PNS code are provided by the NS3D code. The
afterbody portion is then solved by marching the PNS equa-
tions along the body up to the base of the vehicle.

The Sandia Parabolized Improved Navier-Stokes Technique
(SPRINT) code,* currently in use at Sandia, is an extensively
modified version of the Air Force Wright Aeronautical Labo-
ratory (AFWAL) parabolized Navier-Stokes code.’ It is based
on the work of Schiff and Steger® and others.”® Many signifi-
cant changes were made to the AFWAL code, some of which
are documented in Ref. 4. Sandia has spent several years
developing and verifying the SPRINT code by comparing it
with experimental data. The code has predicted forces and
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Fig. 5 Surface grid for 30-deg flap deflection, KMAX = 91 in half-
plane.
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moments, surface pressure, and heat transfer for different
re-entry vehicles and flow conditions.!0-13

Continuation Navier-Stokes Solution

It was anticipated that the sliced vehicle with a large flap
deflection would generate a reversed flow region upstream of
the flap. To calculate the flow in this region, the SPRINT code
was marched to a point ahead of the reversed flow region, and
a time iterative Navier-Stokes solution was used to provide the
solution over the separated region. The separated region was
solved using the F3D code, which was developed by Steger and
others.'*16 It solves the same set of thin-layer Navier-Stokes
equations described for NS3D, but using a different numerical
scheme. The F3D code uses an implicit approximately factored
scheme that uses central differences in the circumferential g
and normal { directions and upwinding in the streamwise &
direction. The streamwise flux vector has been eigensplit, al-
lowing the use of backward and forward difference operators.

The F3D code was used to obtain the Tlowfield solutions for
the 10-, 20-, and 30-deg flap deflections. The F3D code was
used in the continuation mode with an ideal gas assumed. The
flowfield grid was provided using the parabolic grid generator
in the SPRINT code. The SPRINT solution just ahead of the
start of the vehicle slice was imposed over the entire flowfield
grid to be used as a starting condition for F3D. The F3D code
was then iterated in time until a steady-state solution was
reached. Convergence was assumed when the normalized
residuals reached values of 10¢ or less.

Evaluation of Accuracy of Numerical Simulation
Richardson Extrapolation

To verify quantitatively the accuracy of the computational
results, a detailed grid refinement study was performed. Since
the force and moment coefficients were compared with exper-
imental data, they were used as the representative parameters
in the study. In addition, smoothing and stabilizing parame-
ters were kept to a minimum (zero in some cases) during the
grid refinement studies.

The grid refinement study presented in this paper is an
extension of the work presented by Blottner.!” The grid is
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Table 1 Grid convergence study

JMAX, KMAX, LMAX, Selected grid
Case axial circumferential radial JXK XL
o=0deg 769 3 97
Forecone 385 3 49 385 x 3 x49
193 3 25
o =16 deg 769 97 97
Forecone 385 49 49 385 x 49 x 49
193 25 25
=16 deg 769 193 97
Sliced 385 97 49 193 X 49 X 49
portion 193 49 25

refined in each direction of the three dimensions while holding
the other two dimensions fixed. The Richardson extrapola-
tion!® is used to obtain an estimated ‘‘exact’’ solution as the
number of grid points approaches infinity. When the parame-
ter of interest, for example, axial force coefficient, is less than
1% in error from the estimated exact solution, the grid is
considered to be adequately refined for accurate predictions of
the given parameter. For a one-dimensional problem solved
with an nth-order numerical scheme, the exact solution Qg can
be expressed in terms of the numerical solution Qu and the
truncation errors as follows:

Qr = Qn + aA” + higher-order terms (0))

The coefficient « is to be determined from the numerical
solutions. Numerical results are obtained with grid step size A
and 2A. With the higher-order terms neglected in the expres-
sion, two different grid solutions are combined to eliminate «
and obtain

Qr = On(A) + - [Ov(A) — Qv (2D)] 2

The numerical solutions are obtained on a series of grids
where, on each refinement, the number of grid points is dou-
bled and the mesh spacing is halved. The number of grid
points in each grid is related to the basic grid (Jy X Ky X L) by
the relations J,, —1=2" (Jo— 1), K,, — 1 =2" (K, ~ 1), and
Ly,—1=2"(Ly— 1), where m = 1,2,3,.... The exact solution
estimate when the grid is refined in the £-coordinate direction,
which is first order in the SPRINT code, becomes

Qe(J—) =0y, +(Qn, — On, _) 3)
holding K,,, and L, constant and neglecting higher-order terms.
Because the SPRINT code is second order in the 5 and ¢
directions, the exact solution estimates for the other two direc-
tions can be expressed as

Qp(K —x) =

Qp(L — ) =

On,, + ¥5(Qn,, —
On,, + ¥(Qn,, —

On, ) @
On,, _ 1) )
When the appropriate grid size is determined for each direc-
tion, the accuracy of the solution can be evaluated for all three
dimensions simultaneously using the following equation:

QO = Oy + oA} + BA] + yAf + higher-order terms ©)
For the SPRINT code, which is first-order accurate in the
marching direction and second-order accurate in the circum-
ferential and radial directions, the exact solution i$ estimated

by

QO = On + alg + BAL + yA? %)
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Table 2 Freestream conditions

Mo 7.84
Ry 1.80 x 106
To 1106°R
oo 1.727 psi
Twalt 570°R

The coefficients «, 8, and v are evaluated by obtaining numer-
ical solutions with grid step sizes A and 2A for each direction
while holding the other two directions fixed.

The grid study was performed for three cases. First, for the
forecone of the sliced vehicle (forward of x/L =0.7) ata =0
deg; second, for the forecone of the sliced vehicle at o = 16
deg; and third, for the sliced portion of the vehicle (aft of
x/L =0.7) at « = 16 deg. The forecone solutions were refined
separately from the sliced portion of the vehicle. This was
done because the two portions of the SPRINT solutions were
obtained separately. The sliced portion of the vehicle solution
was obtained by restarting the SPRINT code just ahead of the
slice and respacing the flowfield grid to march on the slice.

Table 1 shows the selected values for JMAX, KMAX, and
LMAX for the grid study. Solutions were obtained for all
three values of JMAX while using fixed values of KMAX and
LMAX. Solutions were obtained while varying KMAX and
LMAX in a similar manner. As shown in Figs. 2-4, the fixed
values were always twice the converged grid values shown in
Table 1 for each case. The value for KMAX was held constant
at 3 for the o = 0 deg solutions because the solution is axisym-
metric and the SPRINT code uses cylindrical coordinates.
More detailed information on the error analysis of the compu-
tational results can be obtained in Ref. 19.

Grid Refinement Results

The percent errors for each case and force and moment
coefficient are plotted in Figs. 2-4. The validity of the
Richardson extrapolation for the grid sizes used is demon-
strated by noting that the negative slope of the lines in the
figures should be the same as the order of the solution. For the
lines shown in Fig. 2, the slope should be — 1. For the lines
shown in Figs. 3 and 4, the slope should be — 2. The points
shown in Fig. 2 exhibit the expected behavior except for the
normal force and pitch moment curves for the forecone at
a = 16 deg. It is felt that any nonlinearity is probably due to
required values of smoothing and stabilizing parameters in the
SPRINT solutions. Similar results are shown in Figs. 3 and 4
for the refinement in KMAX and LMAX. The accepted values
for IMAX, KMAX, and LMAX for each portion of the body
are shown in the last column of Table 1.

In addition to computing the exact solution in each direc-
tion as if it were a one-dimensional problem, the exact solu-
tion was computed using Eq. (7). The percent error from the
three-dimensional exact solution was computed to determine
if the selected grid parameters produced answers that fell
within the accepted error. For all three cases, the solutions
using the selected grid sizes shown in Table 1 fell within the
1% bound for the fully three-dimensional error estimate.

To anticipate the more complex flow when the flap was
deflected, the number of circumferential grid points was arbi-
trarily increased from 49 to 91 (in the half-plane). Figure 5
shows the vehicle surface grid used for the 6 =30 deg
SPRINT/F3D solutions. It was felt that 91 circumferential
grid points would adequately resolve the flow in the region of
the flap, but as opposed to the previous quantitative error
analysis, this was purely intuitive. Grid refinement studies
were not performed using the F3D code due to the large
computing costs. The number of axial points was thinned
(SPRINT used 193) because of computer memory limitations.
The number of points selected for the axial direction for F3D
was 93 (from the start of the slice to the end of the flap). To

capture the outer bow shock in F3D, 10 additional radial grid
points were added, yielding 59.

Results

Comparisons of computational and experimental results are
presented for force and moment coefficients, center of pressure,
and surface flow visualization. Table 2 gives the freestream
conditions and wall temperature boundary condition. A more
complete description of the experiment and experimental data
is given in Ref. 1. For all of the comparisons on the sliced
vehicle, solutions were obtained using NS3D/SPRINT. For
comparison of results on the vehicle with a 10-deg flap deflec-
tion, solutions were obtained using both the NS3D/SPRINT
and NS3D/SPRINT/F3D codes. For the 10-, 20-, and 30-deg
flap deflection cases, the SPRINT code was marched up the
start of the slice, and the F3D code was used to obtain solu-
tions over the region containing the slice and flap.

Slice-Only Configuration

The force and moment comparisons for the sliced vehicle
are shown in Figs. 6-8. As shown in Fig. 6, the SPRINT code
shows excellent agreement with the measurements for normal
force coefficient. The slice was located on the windward side
of the vehicle for positive angles of attack and on the leeward
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side of the vehicle for negative angles of attack. Data from all
wind-tunnel runs of the same body geometry are plotted in the
figures to evaluate the uncertainty of the wind-tunnel data (see
Ref. 1 for details).

Figure 7 shows the computational and experimental results
for the axial center of pressure. (All CFD results were com-
puted in angle-of-attack increments of 2 deg. Linear interpola-
tion, which can be misleading, was then used to construct the
continuous curves shown in the figures.) Good agreement
exists between computations and experiment, but.there is a
troublesome 0.01L difference in the results over the entire
angle-of-attack range. Based on the quantitative error analysis
discussed earlier, it is doubtful this is an error in the computa-
tional results. If the disagreement is due to nonuniformities in
the test section flowfield, this could be verified, and elimi-
nated, by inserting the actual measured flowfield from the
wind-tunnel into the computations. Future plans for this joint
computational/experimental program include finely spaced
measurements of the Mach number, pressure, and flow angu-
larity in the test section of the wind tunnel. The actual flow-
field of the wind tunnel could then be used as nonuniform
shock boundary conditions in the computational simulations.

Figure 8 shows the comparison between the computational
and experimental data for the forebody (ppase =Po) axial
force coefficient. Very good agreement between the computa-
tions and experimental measurements is observed at large
angles of attack, but near zero angle of attack, the experimen-
tal data are two counts higher than the computations. In an
attempt to discover the cause of this discrepancy, it was noted
that the low angle-of-attack data are measured during the
early part of a wind-tunnel run. Early in the run, the model is
cooler than the average wall temperature of S70°R used in the
calculations. A separate calculation for « = 0 was made with
the wall temperature 30 deg cooler. This calculation showed
only a 0.03 count decrease in axial force. Therefore, the dis-
crepancy for small angle of attack remains unresolved. An

a) Experimental surface flow

~ 27 Cone

b) F3D surface particle trace.

Fig. 11 Surface flow for 10-deg flap deflection.

improvement in base pressure measurement, as discussed in
Ref. 1, may resolve this discrepancy.

Flap Deflection Configuration

The sliced vehicle with a 10-deg flap deflection represents a
geometry where the SPRINT solutions begin to come into
question. For a 10-deg flap deflection, the laminar boundary
layer may axially separate ahead of the flap, and there will
certainly be crossflow separation in the corner formed by the
side of the flap and the slice. For this reason, the F3D code
was also used to obtain the flowfield solutions over the de-
flected flaps. .

Figures 9 and 10 show the comparisons between the experi-
ment and the NS3D/SPRINT and NS3D/SPRINT/F3D codes
for the body with 10-deg flap deflection. In these figures, the
NS3D/SPRINT combination is referred to as SPRINT, and
the NS3D/SPRINT/F3D is referred to as F3D. Agreement
between the SPRINT and F3D codes and the experimental
data for normal force is quite good and similar to that for the
vehicle with no flap. For the axial force coefficient, Fig. 10,
the F3D code shows noticeably better agreement with the data
than SPRINT. This is expected because of the reversed flow
region ahead of the flap. The SPRINT code overpredicts the
pressure on the flap, which results in a high prediction for
axial force coefficient. The SPRINT solutions were harder to
obtain with the flap deflection as compared to the sliced body
and required additional numerical damping and stabilizing
parameters. SPRINT obviously could not predict the axially
separated flow in front of the flap, but it did predict an
attached flow. Users of PNS codes are cautioned that a solu-
tion may be obtainable even though physically there is a thin
reversed flow region.

Figure 11 shows a comparison of the experimental oil flow
and particle trace lines predicted by the F3D code for zero
angle of attack and a 10-deg flap deflection. The experimental
surface flow visualization shows an axially separated flow
region ahead of and onto the flap. Comparing the experimen-
tal oil flow and the computational traces (note the difference
in scale), it is seen that the code accurately predicts the for-
ward extent of the separated flow region, but the lateral (span-
wise) extent is underpredicted. Also, the F3D code predicts a
thin layer of negative axial velocities at the last axial solution
plane. This implies that the flow never reattaches onto the flap
and flow is moving onto the flap from the base of the vehicle.
The F3D code does not solve the region on the base and,
therefore, the solutions become questionable. The code uses
an outflow boundary condition that dictates that the last plane
of data be the same as the next to last plane. This is a
first-order boundary condition that could be improved.

Figure 12 presents computational and experimental results
for axial force coefficient for a flap deflection of 6 = 20 deg.
The comparisons at positive angles of attack disagree by as
much as 10%. The axial force comparisons are in good agree-
ment for the negative angles of attack. This is only fortuitous,
however, because the low pressure on the leeward side of the
vehicle causes a loss in effectiveness of the flap. The F3D
solutions have been carefully examined, and shortcomings in
neither the numerical approximations nor the grid structure
can be found. It is possible that the flow from the base needs
to be coupled with the solution over the rest of the vehicle. If
this is true, it could significantly increase the complexity and
cost of CFD solutions that have large separated regions ex-
tending through outflow boundaries.

Figures 13 and 14 show results for the center of pressure and
axial force coefficient for the 30-deg flap deflection. It is seen
from Fig. 13 that the computational results for the center of
pressure are in error up to 0.07L for positive angles of attack.
The F3D code also disagrees with the axial force coefficient
measurements, Fig. 14, as much as 20% at positive angles of
attack. The F3D surface grid definition used 91 points in the
circumferential half-plane, but this may not be sufficient to
accurately compute the three-dimensional flow off the sides of
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the slice and flap. The spanwise pressure variation was in-
spected in the region of the flap, and it appears to be reason-
able for this type of flow. The magnitude of the pressure is
seriously questioned, however, because the computational re-
sults for axial force are much larger than the experiment.
(Reference 1 gives surface flow photographs for flap deflec-
tions of 10, 20, and 30 deg.) Another factor that may enter
into the disagreement between computations and experiment
is that reattachment of the free-shear layer onto the flap is
probably turbulent. Transition and turbulent flow are not in
the present numerical simulation.

In an attempt to identify the computational shortcomings,
two additional computations were made. First, the F3D solu-
tion at o = 8 deg and 6 = 30 deg was allowed to converge an
additional 800 time steps, but this had no effect on center of
pressure or axial force coefficient prediction. An additional
calculation was made with 151 grid points circumferentially in
the half-plane for o = 8 deg and § = 30 deg, but this did not
significantly affect the axial force. The 20- and 30-deg flap
deflection cases present complex, massively separated flows
that other researchers should attempt to compute.

Conclusions

Parabolized and iterative Navier-Stokes codes were used to
predict flowfield solutions around a hypersonic vehicle with a
slice and flap. A detailed study of grid convergence is pre-
sented to ensure the accuracy of the numerical solutions for
the slice-only configuration. Errors in the numerical predic-
tions on different grids were quantitatively determined using
the Richardson extrapolation. Aerodynamic force and mo-
ment predictions from the codes were compared with wind-
tunnel data from the Sandia Mach 8 hypersonic wind tunnel.
For the sliced vehicle geometry without the flap, the PNS
solutions showed, in general, very good agreement with exper-
imental measurements for body forces and moments. The high
accuracy of the numerical solutions for flow over this simple
geometry suggest areas where the experimental measurements
might be improved.

The PNS code attained only fair agreement with the mea-
surements for the 10-deg flap deflection. For this case, the
F3D code agreed very well with the experimental data and it
also predicted a small axially separated region ahead of the
flap. For flap deflections of 20 and 30 deg, F3D solutions were
seriously in error. Although different numerical improve-
ments were investigated for the 20- and 30-deg flap deflec-
tions, none were found that improved the agreement with the
experimental data. These large flap deflection cases represent
a very difficult hypersonics test case for CFD involving shock/
boundary-layer/separated flow interaction. Other CFD re-
searchers are encouraged to predict these flowfields and com-
pare them with the experimental data.
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