VOL. 24,NO. 5

J.. SPACECRAFT

SEPT.-OCT. 1987

Computed and Experimental Surface Pressure and Heating on
70-Deg Sphere Cones

K. James Weilmuenster* and H. Harris Hamilton I
NASA Langley Research Center, Hampton, Virginia

A comparison of computed and experimental surface pressure and heating on 70-deg sphere cones at angles of
attack up to 20 deg is presented. The sphere cone geometries were varied by changing the bluntness ratio and corner
radius of the configuration. A three-dimensional Euler flowfield solution yielded surface pressures and was coupled
with an axisymmetric analogue technique to determine surface heating. These computational results have then been

compared with available experimental data.

Nomenclature
C, = axial force coefficient
C,, = longitudinal pitching moment coefficient
Cy =normal force coefficient
Cp = pressure coefficient
D =drag, N
L = reference axial length, m, or lift, N
M = Mach number
P = pressure, N/m?
g  =surface heating rate, MW/m?
R = spherical coordinate
R, =unit Reynolds number, 1/m
S =surface length, m
U =total velocity, m/s
x = Cartesian coordinate
y = Cartesian coordinate
z = Cartesian coordinate
o = angle of attack, deg
y = ratio of specific heats
¢ = spherical coordinate
p  =density, Kg/m?
0 = spherical coordinate
Subscripts
b = base
¢ = corner
N =nose
ref = reference condition
w =wall ,
oo = freestream condition
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Introduction

HE success of the space shuttle has opened the door for

many near and far technological opportunities. To support
some of these activities, a new family of space vehicles, known
as aeroassist orbital transfer vehicles (AOTV), has been pro-
posed. A review of several aeroassist vehicle concepts is given
by Walberg in Ref. 1. These vehicles typically operate in the
upper reaches of the atmosphere at higher velocities and lower
pressures than so-called re-entry vehicles and utilize their aero-
dynamic characteristics to either maneuver in the upper atmo-
sphere or to lose enough AV in either single or multiple passes,
to drop into a lower energy orbit.

Many forebody shapes have been proposed for these vehi-
cles. For the most part, they are very blunt, nonaxisymmetric
bodies whose shapes are designed to maximize the aerodynam-
ics while minimizing the effects of heating. The analysis and
prediction of the flight characteristics of such vehicles in an
entry environment are certainly not a new technology. Almost
all entry shapes used for scientific purposes are very blunt, i.e.,
the heat shields on the Mercury, Gemini, and Apollo capsules
and atmospheric probes such as Viking and Galileo. These
types of vehicles were designed based on tests in ground-based
facilities and on information obtained from computer codes
that were limited to two-dimensional or axisymmetric analysis
of the flowfield.

The design of aeroassist vehicles will once again require de-
tailed testing in ground-based facilities. But, methods for nu-
merical flowfield analysis will have to be much more
sophisticated than those used in the past for two reasons. First,
these vehicles will depend on their aerodynamics for maneuver-
ability, and to determine aerodynamics, the entire three-
dimensional flowfield will have to be generated. Second,
the operational environment, high velocity, and low pressure
will introduce the effects of chemistry (both equilibrium
and nonequilibrium) and radiation in the flowfield that will
have a significant impact on vehicle heating as well as on the
aerodynamics.

In previous papers, we have demonstrated an ability to
predict flowfields about, and surface heating on, complex
three-dimensional bodies in the supersonic/hypersonic flow
regimes. In this paper, we will outline how this methodology
may be used to address some of the computational problems
outlined here and present some current results.

When picking an initial configuration to work with, we
wanted a simple geometrical shape so that geometry descrip-
tion and computational problems could be uncoupled, a
configuration that had an adequate data base and a shape that
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might qualify as an AOTV configuration. Previous studies?
have shown that a vehicle with an L/D in the range of at least
0.2 to 0.4 is required to effectively carry out an AOTV mission.
A 70-deg sphere cone with a bluntness ratio of 0.5 and a sharp
corner—the Viking aeroshell shape—fits all three of these re-
quirements and was selected as the baseline configuration for
the work presented in this paper.

Geometries

The bodies used in this study will consist of two 70 deg
sphere cones with ratios of nose radius to base radius, Ry/R,,
of 1.0 and 0.5. For each R,/R,, there will be three corner
configurations, a sharp corner and corners with ratios of corner
radius to base radius, R./R,, of 0.0625 and 0.125. Figures la
and 1b show frontal and side views of a typical body as de-
scribed by the computational mesh that, for clarity, has had
every other grid line deleted. The body is described in a spher-
ical coordinate system as noted in Figs. 1a and 1b along with
the corresponding Cartesian coordinates. Each body is fitted
with a “skirt” that serves two purposes. The first is to move the
outflow boundary well downstream of the forebody to elimi-
nate the possibility of this boundary affecting flow on the fore-
body and second, in the case of the sharp-cornered body, to
drive the surface Mach number supersonic at the corner. For
the bodies with a corner radius, the skirt lies parallel to the
body centerline. Figure Ic shows a perspective view of the
body. Since the body is symmetric about the symmetry plane,
only one half of the flowfield is actually computed.

Computaﬁonai Techniques
Flowfield Computations

The HALIS inviscid flowfield code was initially developed to
handle the high angle-of-attack flowfields about the shuttle
vehicle, which were characterized by large regions of embedded
subsonic flow on the windward surface. Since, depending on
each particular design, all or a large portion of the aeroassist
vehicle’s surface, as well as its outer flowfield flow, will be
subsonic, we felt that the same methodology used for the
shuttle could be used for the aeroassist vehicles.

The HALIS code is described in great detail in Ref. 5.
Briefly, the code is a time-asymptotic solution of the Euler
equations that utilizes an unsplit MacCormack differencing
scheme. The solution space is the volume between the body
surface and the bow-shock wave, which is treated as a time-
dependent boundary. This leads to a coordinate system defined
by the position of the bow shock and the body, as well as the
spatial derivatives along thiese surfaces. The HALIS code uses
a spherical coordinate system to describe the nosecap region of
a vehicle and is matched to a cylindrical coordinate system that
describes the rest of the vehicle. For the present computations,
it was felt that the body would be best described in the spheri-
cal system alone. Thus, a spherical-system-only version of
HALIS has been created for this work. In addition, two addi-
tional coordinate transformations have been added to the code.
The first compresses the grid at the wall for greater radial
resolution, and the second is used to distribute grid points in
the 8 direction for greater resolution of the flow at the body-
skirt juncture as can be seen in Fig. 1.

The code is written in vector Fortran for the CDC VPS-32
and uses 64-bit words. Run times vary with configuration and
angle of attack, but average 15 minutes of CPU time for a
flowfield containing 27,000 points.

Surface Heating

The surface heating rates are calculated using the axisym-
metric analogue for three-dimensional boundary layers devel-
oped by Cooke.” The details of the present method are
described in Ref. 8. Briefly, the general three-dimensional
boundary-layer equations written along streamlines reduce to
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the axisymmetric form when the crossflow in the boundary
layer is neglected. The distance along a streamline is inter-
preted as distance along an equivalent axisymmetric body, and
the metric associated with the spreading of the streamlines is
interpreted as the radius of the equivalent axisymmetric body.
This allows any axisymmetric boundary-layer solution to be
used to calculate the approximate three-dimensional heating
rates along streamlines, which greatly simplifies the problem.
By considering multiple streamline paths, the heating over a
complete vehicle can be computed at a fraction of the cost that
would be required if the full three-dimensional boundary-layer
equations were used.

In the present approach, a noniterative, single-pass tech-
nique, the inviscid solution from HALIS is used to compute the
streamline information. To calculate the boundary-layer solu-
tion along these streamlines, an approximate integral method,’
with corrections!® added to account for the large velocity gra-
dients that occur in the present application, has been used. The
results presented in this paper are limited to laminar flow. Also,
the effect of entropy swallowing has not been included in the
calculations. However, since the configuration in question is
very blunt and the solutions are being compared with wind-
tunnel data, the effect of entropy swallowing on the results
should be very small. Since the effects of entropy swallowing
are being neglected, the boundary-layer edge properties are
taken to be the surface values in the inviscid solution.

Results

The flowfields for all of the bodies mentioned in the ge-
ometries section have been computed for M, =10and y =14
at angles of attack of 0, 5, 10, 15, and 20 deg. The computa-
tional results presented in this paper have been limited to the
Ry/R, =0.5 body, since experimental pressure and heating
data are currently available for this shape with the R./R, =0
configuration and it was found that the bluntness ratio had
little effect on the computational results. For this particular
shape, the same used for the Viking aeroshell, there is a large
surface pressure database documented in Ref. 11. In Fig. 2, the
comparison of experimental and comiputed surface pressure
coefficients, Cp, in the symmetry plane is quite good for this
zero angle-of-attack case in which the experimental data were
taken with the body at « = 0.3 deg. The windward surface cor-
responds to positive S/R, and the lee surface to negative S/R,.
For this and succeeding plots, quantities on the skirt of the
body have not been plotted. The same symmetry plane plot for
an o = 20 deg is shown in Fig. 3. Again, the agreenient between
experimental and computed Cp is quite good. The breaks in the
computed Cp curves at a S/R, ~ + 0:2 are due to the surface
curvature discontinuity at the juncture of the sphere and cone
and are evident in the leeside experimental data. Figure 4 gives
comparisons of computed and experimental Cp in the planes
¢ =0, 30, and 60 deg. The most notable point here is that the
effect of the sphere/cone juncture on the pressure distribution
becomes quite pronounced when moving from the windward to
leeward surface. A more comprehensive picture of the surface
pressure distribution can be seen in Fig. 5, which is a surface
contour plot of P, /p,U>2 for the o = 20 deg case, where the
viewing angle is coincident with the body axis. The sphere/cone
juncture can be traced by following the contour line disconti-
nuities around the center of the body, and the stagnation point
lies roughly halfway between the center and the outer rim of
the body.

Figure 6 indicates the effect of corner radius on surface pres-
sure. Here, in Fig. 6a, the pressure coefficient in the symmetry
plane is plotted as a function of positive z/L for the windward
surface and negative z/L for the lee surface where the pressures
have been plotted to the point of tangency with the aft skirt.
The effect of corner radius on the pressure field is confined to
the outer edge of the body where the effect is quite pronounced.
Similar effects are seen in the off-axis pressure plots at
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¢ = —45 deg, Fig. 6b, ¢ =0.0 deg, Fig. 6¢, and ¢ = 45 deg,
Fig. 6d.
The integrated effect of corner radius can be seen by compar-
ing the aerodynamic characteristics of the bodies. The effect of
] corner radius on drag is indicated in Fig. 7, where a larger
corner radius results in less drag for all angles of attack. This
reduction in drag with increasing corner radius is a direct result
of coupling the lower surface pressures due to the expansion
with the large percentage of total wetted surface area that is
present near the outer edges of the configuration. The effects of
base drag have not been included in these computations. How-
9 ever, as seen in Fig. 7b, the larger corner radius also produces
less lift and negative C, values, a characteristic of very blunt
bodies, which is due to the large difference in magnitude be-
tween C, and Cy. L/D values, as seen in Fig. 7c, are not greatly

Fig. 1 Body geometry and associated coordinate systems. a) Frontal
view. b) Side view. ¢) Perspective.
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Fig. 5 Surface contour plot of P, [p U2 at M, =100, y =14, and
a =20 deg.
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Fig. 6 Surface pressure plots, M,=10.0, y=1.4, and «=20 deg. a) Symmetry plane ¢= —90

¢) ¢=0.0 deg. d) ¢ =45 deg.
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affected by corner radius. A similar trend can be seen in the
pitching moment results, Fig. 7d, where the effect of corner
radius on C,, is relatively small. The aerodynamic results pre-
sented here are for both bluntness ratio bodies, since we found
that the bluntness ratio had virtually no effect on the computed
aerodynamics.

As previously mentioned, one of the reasons for the current
approach to the problem is that it can handle the large regions
of subsonic flow embedded in the flowfield. The extent of the
subsonic flow can be seen for the R,/R, = 0.5, R./R, = 0 body
at o =20 deg by referring to Fig. 8. Here, the Mach number
has been contoured between the shock and body in the symme-
try plane, and the subsonic region has been shaded. Obviously,
the subsonic regime is very large and wets the entire surface of
the body. Note that the skirt accomplishes its purpose of driv-
ing the flow supersonic at the corner and providing a super-
sonic outflow boundary.

The axisymmetric analog heating analysis is implemented by
integrating along body surface streamlines. Figure 9 shows
those surface streamlines on Ry /R, = 0.5, R./R, = 0.125 body
at angles of attack of 0, 10, and 20 deg over half of the body
surface. The surface streamlines are plotted on half-tone pho-
tographs of surface pressure color contour plots where the
body has been rotated slightly to produce a perspective view.
The half-tones do not offer a lot of information except that
there is little variation of pressure over the body surface, except
as indicated by the dark rim around the body that reflects the
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Fig. 7 Aerodynamic characteristics of 70 deg sphere cone at M, =10.0, and vy =1.4. a) Drag coefficient. b) Lift coefficient. ¢) Lift/drag ratio.

d) Pitching moment coefficient.

pressure relief offered by the corner radius. Unlike flow over
small half-angle cones where the streamlines quickly wrap
around to the leeside of the body because of the low surface
pressure there, the relatively high leeside pressures found on
these bodies force the streamlines to move away from the stag-
nation point in a radial pattern. As can be seen by comparing
Figs. 9b and 9c¢, as the angle of attack increases, the leeside
streamline pattern is significantly changed by the presence of
the spherical nose cap. In Fig. 10 is shown the effect of corner
radius on the streamline pattern of the Ry/R, = 0.5 body at
o =20 deg. The R./R, = 0.0 plot, Fig. 10a, shows no pressure
relief at the corner and has the highest leeside pressure of the
cases shown previously in Fig. 10 and as indicated in the half-
tones. A comparison of Figs. 10a and 10c indicates that the
pressure relief afforded by the corner radius has a significant
impact on the surface streamline pattern.

Heating
In the present paper, calculated heating rates on a spherically
blunted 70 deg half-angle cone with R, /R, = 0.5 are presented.
Results for R./R, =0, 0.0625, and 0.125 are considered to
investigate the effect of corner radius on surface heating. For
all cases, the Mach number is 9.86 and the freestream unit
Reynolds number is 1.8 x 10° per meter. For the sharp corner

case (R./R, =0), the calculated results are compared with
unpublished, experimental data obtained in the 31-in. Mach 10
tunnel at the Langley Research Center by C. Miller and
R. Midden.

The results for the sharp corner body at « = 0 deg are shown
in Fig. 11. The nature of the heating for this case is different
than that for lower half-angle cones with which the reader is
probably more familiar. The heating over the forward portion
of the cone decreases downstream of the stagnation point.
However, aft of z/L = 0.6, the heating increases rapidly and
approaches the stagnation value near the corner (z/L = 1.0).
This rise in heating near the corner is caused by the rapid
acceleration of the flow in this region as can be seen from the
pressure distributions in Fig. 2.

The results for the sharp corner body at o =20 deg are
shown in Fig. 12. Comparisons are shown for both the most
windward symmetry plane where ¢ = —90 deg and the most
leeward symmetry plane where ¢ = 90 deg. For this case, the
angle of attack is so large that the stagnation point has moved
off the sphere and is located along the most windward ray
(¢ = —90 deg) of the cone at z/L =0.53; thus, the flow is
much more complex than for the o« = 0 deg case shown in the
previous figure. If we look first at the data, the heating is
reasonably constant along the most windward symmetry plane
of the cone in the stagnation region, but it increases near the
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nose (z/L = 0) and the corner (z/L = 1.0). These increases are
both due to the rapid acceleration of the flow and to the in-
creased three-dimensional effects in these regions. As the flow
expands around the nose and moves on to the most leeward
symmetry plane (¢ =90 deg), the heating decreases until the
corner is approached, where it again increases.

There are oscillations in the heating solution near the stagna-
tion point at o« =20deg (Fig. 12) that did not occur at
o =0 deg (Fig. 11). As noted previously, the flowfield structure
over the cone is much more complex at the higher angle of
attack, and the resolution of the solution around the stagna-
tion point is much lower. This leads to a less accurate definition
of the boundary-layer edge conditions around the stagnation
point at the higher angle of attack that is thought to produce
the wiggles. However, the effect appears to be localized since
the oscillations dissipate rapidly as the distance from the stag-
nation point increases.

Calculated results are shown in Fig. 13 at « = 20 deg angle of
attack for the three different corner radii (R./R, =0, 0.0625,
and 0.125). The calculated results shown in Fig. 13a for
R,/R, =0 are the same as those shown previously in Fig. 12
but without the experimental data. The calculated results for
R,/R, =0.0625 and 0.125 are shown in Figs. 13b and 13c re-
spectively. No experimental data exist at the present time for
these two larger corner radii.

As might be expected, increasing the corner radius moves the
stagnation point forward, from z/L =0.53 in Fig. 13a to
z/L =0.39 in Fig. 13c. However, there is relatively small effect
on the heating on the cone except near the juncture of the cone
and afterbody. In general, the peak in heating on the aft end of
the cone moves upstream and decreases as the corner radius is
increased. Thus, adding an afterbody with a generous radius to
the conical forebody is shown to be effective in reducing the
magnitude of heating rate near the end of the body.

Circumferential distributions of calculated heating rate are
presented in Fig. 14 for the sharp cornered body (R./R, = 0) at

Fig. 8 Flowfield Mach num-
ber contour plot in the symme-
try plane of a Ry/R,=1/2,
R./R; =0.0 body at M, =10.0,
vy=1.4, and o =20 deg.
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)

Fig. 9 Surface streamlines, 70 deg sphere cone, M_ =10.0, y = 1.4,
Ry/R, =05, and R_[R,=0.125. a) a=0deg. b) a=10deg.
¢) « =20 deg.
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Fig. 10 Surface streamlines, 70 deg sphere cone, M, =10.0, y =14,
Ry/R, =05, and a=20deg. a) R,/R,=0. b) R_./R,=0.0625.
c) R./R, =0.125.
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Fig. 11 Surface heating on sphericaliy blunted, 70 deg cone,
M_=986,y=14, R,=1.8 x 105/m, and « = 0 deg.
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Fig. 12 Surface heating on spherically blunted, 70deg cone,
M_ =986,y =14, R, = 1.8 x 10°/m, and « = 20 deg.

o =20 deg. Results are shown at three axial locations: z/
L =0.3,0.6, and 0.9. There are no experimental data available
for these conditions. The most interesting point to note is that
the difference in heating rate on the most windward and most
leeward rays of the cone is much smaller than might be ex-
pected based on experience with lower half-angle cones.!? For
the present 70 deg half-angle cone at « = 20 deg, the most lee-
ward ray on the cone is not shadowed and the heating near this
ray is still relatively high.
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Fig. 14 Meridional surface heating distributions, M_ =10.0, y = 1.4,
R,,=18x10°fm, Ry/R,=1/2, and R.[R,=0.0. a) z/L=03.
b) z/L =0.6.c¢) z/L =0.9.

Concluding Remarks

A method for handling the flowfields about 70 deg sphere
cones at angles of attack up to 20 deg has been described.
Surface pressure and heating results have been compared with
existing wind-tunnel data. Computed surface pressures have
been shown to be in excellent agreement with the experimental
data, whereas the surface heating from approximate forms of
the boundary-layer equations are in good agreement with the
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experimental data. Analysis of the computed data showed that
the effect of the bluntness ratio on surface pressures and heat-
ing was very small. However, body corner radius, while not
having a significant impact on body aerodynamics, produced
large changes in surface pressure and heating distribution.

The results indicate that the solution techniques outlined in
this paper generate good results for a simple geometrical shape.
Next, these techniques will be applied to more complex con-
figurations such as the AFE flight experiment vehicle. Also,
real-gas chemistry will be added to the codes so that actual
AFE flight conditions can be simulated.
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