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Numerical Solution of Space Shuttle Orbiter Flowfield

John V. Rakich*
NASA Ames Research Center, Moffett Field, California

and

Ethiraj Venkatapathy,t J. C. Tannehill,{ and Dinesh Prabhu§
Towa State University, Ames, lowa

The supersonic viscous laminar flow around the Space Shuttle Orbiter forebody has been computed with a
parabolized Navier-Stokes code using a generalized coordinate transformation. The initial solution for the nose
part of the Orbiter was obtained with a three-dimensional time-dependent Navier-Stokes solver. It was necessary
to employ a wind-axis oriented coordinate system to obtain the initial solution with the time-dependent code.
The generalized PNS technique was then used to march the solution downstream from the given initial data
surface. An algebraic grid generation scheme was employed which accurately describes the body shape by
clustering points at the wing tip and at the wing-body juncture. The computed heat-transfer coefficients,
pressure coefficients, and shock shapes are compared with the available experimental data for 0 and 30 deg angle

of attack.

Nomenclature

i»B; =parameters controlling clustering of grid points in
circumferential direction
= pressure coefficient
=flux vectors of the PNS equations written in
strong conservation-law form for the &,,{ co-
ordinates .
E* =flux vector E with fraction (1 -w)P of the
pressure omitted
h = heat-transfer coefficient
ij.k = unit vectors in x, ¥, Z directions
L =total length
M =Mach number
n = unit vector in % direction
P = pressure
P =vector representing a fraction (1 —w)p of the
pressure
Re, =Reynolds number based on L and freestream
conditions
Ky =stretch function
s =arc length along body in { dlrectlon
T =temperature
U = dependent variable vector of the unsteady Navier-
Stokes equations written in strong conservation-
law form for the £,7, { coordinates

X,¥,2 = Cartesian coordinates

o =angle of attack

B =parameter controlling clustering of grid points
between body and shock

6 = shock standoff distance along 5 dlrectlon

0,,0, = parameters controlling type of difference scheme

En ¢ = generalized curvilinear coordinates

o} =circumferential angle
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w = fraction of pressure gradient term which makes
PNS equations formally parabolic

Subscripts and Superscripts

ij.k =indices labeling grid points along §&,9,{ coor-
dinates
ref =reference value
stag = stagnation point value
w = wall value
oo = freestream value
Introduction

ECENTLY great interest has been shown in using the

parabolized Navier-Stokes (PNS) equations to calculate
the viscous supersonic flow around bodies at incidence. Early
efforts by Rubin and Lin"? and Lubard and Helliwell® set the
pattern for current research work. Although the earlier
methods were successful -in calculating the viscous flow
around sharp and blunt-nose bodies,?® poor reliability and
efficiency led to the search for more efficient and stable
schemes, resulting in fully implicit noniterative marching
schemes,  developed by Vigneron et al.® and Schiff and
Steger.” These methods were restricted by marching planes
that are normal to the marching axis. This limitation was
removed by the present authors by generalizing the trans-
formation and the marching procedure.®

The calculation of the complete inviscid-viscous. flow
around the Space Shuttle Orbiter with a single code has been
the aim of recent research efforts. Although inviscid flow
solutions®'* and other solution techniques that couple the
inviscid solution with the matching boundary-layer anal-
ysis!>16 have resulted in limited solutions for the windward
side of Shuttle-like bodies, they have failed in general to
predict the correct solution on the lee side and near the wing
root region. On the other hand, PNS solvers have shown great
promise in solving the complex flowfield around Shuttle-like
bodies.!”-1# ;

The present generalized PNS solver is ideally suited for the
complex flow that develops around the sharp leading edge and
in the vicinity of the wing-body juncture of the Orbiter.
Although this generalized marching procedure was used to
obtain the solution of the flow around a blunt delta wing at
large angles of incidence,® that flow did not provide a
complete test of the method. The full capabilities of the
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generalized PNS code are used in the present problem. The
main advantages of the present code are that it can accept the
initial solution on any starting data surface and it also will
allow the marching to proceed from one solution to another
without any restriction on these solution surfaces. The only
condition that must be met is that the velocity component
normal to the solution surface must be supersonic outside the
boundary layer.

The above salient features of the generalized PNS code were
of great help in solving the flow around the forward half of
the Space Shuttle Orbiter at angles of incidence up to 30 deg
for different freestream Mach numbers. The body geometry
routine properly models the wing and the wing-body juncture
regions. Results for the different cases are compared with
available experimental data for surface pressure, - shock
profile, and heat-transfer coefficients.

Parabolized Navier-Stokes Equations

The so-called ‘‘parabolized’” Navier-Stokes (PNS)
equations are obtained from the complete Navier-Stokes
equations by neglecting the unsteady terms and the stream-
wise viscous derivative terms. The resulting equations can be
written in the following vector form:

oF . aF N G :

&  dy  a¢ M
for a generalized curvilinear coordinate system. Complete
details of all the terms involved in Eq. (1) are given in Ref. 8.
The above system of equations is parabolic in the ¢ direction
if the inviscid region of the flowfield is completely supersonic,
if there is no streamwise flow separation within the domain of
interest, and if the pressure gradient near the wall is properly
treated. Due to the upstream influence that feeds through the
thin subsonic layer next to the body, the solution of the above
system of equations becomes an ill-posed,'® initial boundary-
value problem if the pressure gradient term dp/3¢ is
represented exactly. The PNS equations allow departure
solutions if this pressure gradient term is not modified.

A novel way to avoid the departure associated with the
pressure gradient term was proposed by Vigneron et al.,®
whose technique is utilized in the present formulation. Ac-
cording to Vigneron’s eigenvalue analysis the equations are
formally parabolic if a fraction of the pressure gradient term,
wdp/a¢, is retained in the subsonic layer and the remaining
part of the pressure gradient term is either neglected or ap-
proximated by a backward difference. The “‘sublayer’’ ap-
proximation technique originally proposed by Rubin and
Lin,! and later modified by Schiff and Steger,’ is a subset of
the technique proposed by Vigneron. Using Vigneron’s pres-
sure gradient approximation, the governing equations are
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Fig. 1 Space Shuttle Orbiter geometry..
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The generalized PNS solver uses the above set of equations to
solve the viscous flow around bodies as an initial boundary-
value problem.

Finite Difference Algorithm

The PNS equations in the generalized coordinate system are
solved using an efficient, noniterative, implicit, approximate
factorization finite difference algorithm. The present
algorithm is a direct adaptation of the one used by Vigneron
et al.,% which is closely related to the schemes developed by
Lindemuth and Killeer,? McDonald and Briley,?' and Beam
and Warming?? to initially solve the unsteady Navier-Stokes
equations. The finite difference algorithm is

AE* 6, 3 (0G\T /9E*\ !
50 * 75 %6 Go) | (o)
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ANU=U* -U (C))

The inviscid and viscous Jacobian terms are given in Ref. 23.
Second-order central difference expressions are used to
evaluate the % and { derivative quantities. The Euler implicit
scheme (6, =1, 8, =0), which has first-order accuracy in the
marching direction, was used for all of the present com-
putations. Further details of the algorithm implementation
are given in Ref. 8.

Boundary Conditions

In the present code the outer shock boundary is fitted using
a shock-fitting procedure similar to that of Thomas et al.>* At
the body boundary the velocity components are set to zero
and the normal pressure gradient term is assumed to be zero.
For an isothermal wall boundary, the specified body tem-
perature determines the density and thus all of the flow
quantities are known at the body. For an adiabatic wall, the
normal total temperature gradient is set to zero. By imposing
reflection boundary conditions about the plane of symmetry,
flow symmetry is maintained for zero yaw angle. The body
boundary condition and the reflection boundary condition are
imposed implicitly. The shock boundary condition is an
explicit boundary condition which may place limitations on
the maximum step size, however, the body boundary usually
limits the step size.

Shuttle Geometry

The Shuttle surface coordinates are obtained with the
geometry package of Rakich and Kutler.” This geometry
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Fig. 2 Stretch function and grid points.
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package reproduces the Shuttle geometry exactly at 11 dif-
ferent axial locations, and intermediate to these locations,
interpolation polynomials are used to produce a smooth
geometry that models the actual Shuttle geometry very
closely. Figure 1 shows three-dimensional and cross-sectional
views of the Space Shuttle Orbiter obtained with the above
geometry package. Complete details of the geometry package
used in this study are given in Refs. 25 and 26. Note that the
present Shuttle geometry does not include the canopy or the
vertical tail region.

Grid Generation

The PNS method requires the grid to be generated at every £
station, which demands the use of a fast grid generation
scheme. Numerous grid generation methods are available in
the literature, but these schemes usually require the solution
of a partial differential equation.

A simple and efficient algebraic grid generation scheme is
used in the present study that allows the grid points on the
body and the shock curves to be clustered in regions of high
curvature. This is accomplished in the following manner. The
inner body boundary curve or the outer shock boundary curve
is parametrized by a nondimensional arc length parameter 4 in
the physical plane. In the computational plane, the
corresponding parameter that represents the inner or outer
boundary curve is {. The relationship between { and ¢, which
is referred to as the “‘stretch function,”” maps the equispaced
grid points in the computational region into the non-
equispaced grid points on the inner or outer boundary
curve in the physical plane. Initially it seemed appropriate to
cluster the grid points in regions of high curvature. Un-
fortunately, this approach does not allow the user to choose
the desired clustering and yields unrealistic grids. However, a
stretch function can be written in the following form which
permits the user to tailor the clustering to the requirements of
each flowfield.

(%ﬁ),- =4, {1 +tanh [*——(Aj;ﬁ]) ]} +A, {1 +tanh [W(o)l;;oz ]}

(5)
where A;,4,,B,, and B, are user-specified constants and ¢,
and 4, are the arc length values corresponding to locations
where clustering is required. Depending on the sign and
magnitude of 4; and A4, the above stretch function either
clusters the grid points closer to one another or stretches them
away at the corresponding 4, and &, arc length locations. The
relationship between s and { is determined by numerically
integrating Eq. (5). This relationship, coupled with the fact
that the grid points are equispaced in the computational
plane, determines the location of the grid points in the
physical plane.

Figure 2 shows the clustered grid points for the Orbiter
geometry and the corresponding stretch function that was
used to cluster the grid points. The grid generation is ac-
complished using the above stretch-function approach in three
steps.

1) The grid points on the inner body boundary curve are
located using the algebraic stretch-function approach.

2) The shock boundary curve is determined completely
from the known solution at the previous station. Hence the
shock boundary grid points are determined from the user-
prescribed solution surface orientation. The grid points on the
shock boundary can be reclustered, if required, using the
stretch-function approach. .

3) Interior grid points are located along the straight lin
rays that connect the appropriate body and shock boundary
points. An algebraic stretch function® clusters the grid points
along each of the rays near the body surface in order to
resolve the viscous region properly.

The preceding steps determine all of the grid points in the
physical plane. The interior grid points in the physical plane
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are related to the body grid points as follows:

x(pk) =x,, (j) +8()s(k) [n()) -i]
YUk =2, (G) +0())s(k) [n () j]
2, k) =2, (J) +8())s(k) [n(j) -k] ()

where 8(j) is the shock standoff distance measured along the
rays that emanate from the jth body point with direction
cosines [n(j)-i], [n{J))-jl, and [n(J)-k], and s(k) is the
stretch function that clusters grid points along these rays. The
stretch function s(k) is given by

S [ ) U

where (3 is a parameter that controls the clustering. The grid
point location in the computational plane is determined by the
following relationships:

1
n=(k—1)An, A=
. 1
§=0U-DAs, A= ®

where NK is the number of grid points between the body and
shock, and £ is an integer parameter that varies from k=1 at
the shock to k=NK at the body. NJ is the number of grid

points around the body and j is an integer parameter that

varies from j =1 on the wind side to j = NJ on the lee side.

Once the location of all the grid points is known both in the
physical and the computational domains, the geometric
metric quantities and the Jacobian of the transformation are
computed by finite difference approximations.® The Jacobian
and the metric quantities are first-order accurate in £ and
second-order accurate in { and . This is consistent with the
difference scheme used in the present study.

Solution Surface Orientation

In all previous computations with the generalized PNS
code, the solution surfaces were always planes normal to
either the x axis or some other line. In the present study, the
initial solution surface obtained from the blunt-body code is a
skewed surface. Since the present formulation does not
restrict the solution surface in any manner, these surfaces can
be generated based on local flow conditions best suited for
PNS marching. The proper choice of the orientation of the
solution surfaces is determined by the appropriate direction of
marching. In effect, the user can control the direction of
marching by specifying the orientation of the solution surface
at each £ station. In the present study, the solution surfaces
are advanced from the prescribed initial solution surface to a
solution surface normal to the x axis at a specified x location.
This is accomplished by independently changing the orien-
tation of the vectors that describe the body grid points and the
vectors that connect the body and shock grid points. The
marching step size becomes different for each grid point in the
physical plane. Once the solution surface has become an axis-
normal plane, it is maintained axis normal in the present
study. Figure 3 shows the solution surfaces at different &
stations.

Blunt-Nose Solution and Initial Conditions

The PNS code requires a starting solution on an initial data
surface where the inviscid flow is supersonic. The presence of
an embedded subsonic region in the blunt-nose region requires
the use of an axisymmetric or three-dimensional time-depen-
dent Navier-Stokes code for finding the blunt-nose solution.
The three-dimensional blunt-body code originally developed
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Fig.3 Solution surface orientation.
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Fig.5 Comparison of leeside (¢ = 180 deg) wall pressure.

by Kutler et al.,?” and later modified by Rizk et al.,?® is used
to obtain the starting solution for the PNS code.

The blunt-body code requires an initial solution or an
approximate shock shape. From the experimentally available
shock shapes on the wind and lee sides an approximate shock
shape was constructed for the 30-deg angle-of-attack case. It
was found that the viscous solution converged in the wind-
axis coordinate system, but the solution diverged in the body-
axis coordinate system. The solution divergence in the body-
axis system is due to the boundary condition procedure on the
X axis of this blunt-body code, which is a singular line of the
coordinate system. The wind-axis system eliminated the
problem because it corresponds closely with the flow stagna-
tion line, thus reducing the error in the boundary condition.
Another advantage of the wind-axis system is that the
computational domain corresponds more closely with the
region of subsonic flow, eliminating unnecessary grid points
in the supersonic region. A similar approach was taken by
Rizzi and Bailey.?
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Fig. 7 Mach contour plot in the blunt-nose region.

For the 0-deg angle-of-attack case, the axisymmetric code
of Ref. 30 was used to calculate the blunt-nose region.
Because of the axisymmetric shape of the blunt-nose region,
the required starting solution for the generalized PNS code
was readily obtained in this case.

Results

The generalized PNS code has been used to compute the
laminar flow around the forward half of the Space Shuttle
Orbiter. Two different flow conditions were chosen and the
results are compared with available experimental data.

The flow conditions corresponding to the first case are
M, =4.6, =0 deg, Re, =0.129x 107, T, =67.32 K, and
Do =0.4556x10° N/m? with an adiabatic wall boundary
condition. Using these initial conditions, the solution for the
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blunt-nose region was obtained with the axisymmetric time-
dependent code.’® The Space Shuttle Orbiter nose region
consists of a spherical nose segment that subtends on angle of
45 deg at the sphere center, followed by a small conical
segment which extends up to 10 in. from the nose. The
axisymmetric computations were performed for a sphere-cone
body with 26 grid points along the body and 31 grid points
normal to the body.

The PNS computation was started with the initial solution .

obtained from the time-dependent code at the end of the
conical section. The PNS solution was marched downstream
and the solution surfaces were rotated slowly from the initial
solution surface to an axis-normal plane at x/L =0.125. More
grid points were added to the computation as it proceeded
downstream. At an axial location of x/L=0.2 the grid
contained 45 grid points around the body and 41 grid points
normal to the body. The space marching was continued to an
axial location of x/L =0.48.

Figure 4 shows the surface pressure coefficient comparison
between the computed results and the experimental data’! in
the ¢ =0 deg plane. In Fig. 5, the lee side (¢ = 180 deg) surface
pressure coefficients are compared. The agreement with the
experiment is very good on both the wind and lee sides. Figure
6 shows the cross-flow velocity vector directions at
x/L=0.36. The development of the complex flowfield around
the Shuttle geometry is clearly visible. At 0 deg angle of at-
tack, the windward side (¢ =0 deg plane) is at a lower pressure
than the ¢ = 180 deg side and the streamlines from the lee side
curve toward the wind side. As the wing starts to protrude
from the fuselage, a vortex develops near the wing-body
juncture and changes the local flow pattern.

The flow conditions corresponding to the second case are
M.,=19, a=30 deg, Re, =0.215x107, T,=52.33 K,
Poe=712.95 N/m?, and T, =294.6 K. The time-dependent
blunt-body code was used to calculate the blunt-nose solution
in the wind-axis coordinate system. A 31 x31x21 grid was
used in the calculation. Figure 7 shows the sonic line on the
wind and lee sides as well as the initial solution surface for the
PNS solver. The initial solution surface and the solution
vectors were rotated from the wind-axis system to the body-
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Fig. 8 Shock shape comparison.
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axis system and the PNS solver was marched downstream.
The solution surfaces were rotated slowly from the initial
orientation to an x-axis normal plane at x/L =0.20. Solutions
up to x/L =0.48 were obtained with the PNS code.

Figure 8 compares the computed shock shape for the above
flow conditions with the experimental®?> shock shape at
M, =7.4. The Mach number difference between the ex-
periment and the computations has very little effect on the
shock shape or the surface pressure coefficient profiles. Due
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Fig. 10 Heat-transfer comparison on lee side.
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Fig. 15 Mach number contours at x/L = 0.47,

to the presence of the canopy, a canopy shock developed in
the experiment and changed the outer shock shape on the lee
side. As a result, the computational shock shape on the lee
side is slightly different from the experimental shock shape
downstream of the canopy region.

Figures 9 and 10 show the heating distribution on the
windward and leeward sides in the plane of symmetry. There
is reasonably good agreement with experiment’® and with
boundary-layer computations® except in the canopy region
on the leeward side. As mentioned previously, the canopy was
not included in the present computations.

In Fig. 11, the circumferential heating at x/L=0.205 is
compared with experiment, again with reasonably good
agreement. The peak heating at ¢ =60 deg is underpredicted
by about 20%, however. This could be due to a lack of
resolution of the computational grid near the body chine
where the curvature is large.

Figure 12 compares the pressure distribution in the plane of
symmetry with experiment and the inviscid computations of
Li.!8 The agreement is excellent. Note that the canopy region
was not resolved in the experiment, and was not modeled by
either computation. The experiment was at M, =7.4, while
the present computations were done at M., =7.9. This Mach
number difference has a negligible effect on the pressure
coefficient. The circumferential pressure distribution at
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Fig. 16 Grid atx/L =0.47.

x/L=0.2 is shown in Fig. 13, and agreement with experiment
is excellent.

In Fig. 14 the cross-flow velocity vector directions at
x/L=0.47 show the presence of two vortices, one on the lee
side and the other near the wing-body juncture. Experimental
oil-flow studies indicate the reattachment point at x/L =0.47
to be close to the location predicted by the present com-
putations. The local grid structure may play a very important
role in resolving the vortex structure in that region. Figure 15
shows the Mach number contours at x/L =0.47 and Fig. 16
shows the grid structure at the same axial location.

The present results were obtained on a CDC 7600 com-
puter. The generalized PNS code required 1.8 x 1073 s/grid
point/step. A typical PNS solution at 30 deg angle of attack
took around 400 steps and 20 min. The blunt-body code, on
the other hand, required 3.5 h of CPU time to converge the
solution in the blunt-nose region.

Concluding Remarks

The generalized PNS code and the time-dependent blunt-
body code have been used successfully to compute the
complete flow around the Space Shuttle Orbiter forebody at
two different flow conditions. The good agreement between
the computational results and the experimental data proves
the effectiveness of the generalized PNS solver. The complex
flow structure that develops near the wing-body region is
predicted reasonably well by the generalized PNS solver. It is
believed that an improved grid will permit the computation to
continue to the aft portion of the Shuttle.

Computation of the wing region should be possible if the
flow outside of the boundary layer is supersonic, and there is
evidence that this is the case. Regions of reversed axial flow
remain a problem for the present code, and this is expected
only on the canopy, which was streamlined in the present
computations.
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