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The objective of the present investigation is to establish a benchmark experimental data base for a generic
hypersonic vehicle shape for validation and/or calibration of advanced computational fluid dynamics computer
codes. This paper includes results from the comprehensive test program conducted in the NASA Ames 3.5-ft
Hypersonic Wind Tunnel for a generic all-body hypersonic aircraft model. Experimental and computational
results on flow visnalization, surface pressures, surface convective heat transfer, and pitot-pressure flowfield
surveys are presented. Comparisons of the experimental results with computational results from an upwind
parabolized Navier-Stokes code developed at NASA Ames demonstrate the capabilities of this code.

Introduction

HE advanced computational fluid dynamics. (CFD) com-

puter codes being developed for use in the design of such
hypersonic aircraft as the National Aero-Space Plane (NASP)
and other hypersonic vehicles require comparisons of the com-
putational results with a broad spectrum of experimental data
to fully assess the validity of the codes and to develop confi-
dence in the numerical simulation procedures. This is particu-
larly true for complex flowfields with such features as bound-
ary-layer transition and turbulence, rapid flow expansions,
and leeside flow with the attendant flow separation and vor-
tices. Validated codes for such flowfields will be critical to the
development of the NASP and other hypersonic vehicles.
Therefore, the objective of the present investigation is to es-
tablish a benchmark experimental data base for a generic hy-
personic vehicle shape for validation and/or calibration of
advanced CFD computer codes. This is being done by con-
ducting a comprehensive test program for a generic all-body
hypersonic aircraft model in the NASA Ames 3.5-ft Hyper-
sonic Wind Tunnel to obtain pertinent surface and flowfield
data over a broad rarige of test conditions. Experimental and
computational results on flow visualization, surface pressures,
surface convective heat transfer, and pitot-pressure flowfield
surveys will be presented in this paper. Of particular signifi-
cance, comparisons of the experimental results with computa-
tional results from the NASA Ames UPS code (an upwind
parabolized Navier-Stokes solver) will be shown to demon-
strate the capabilities of this code. Some comparisons of the
data with computations from approximate inviscid methods
will also be given.

Experimental Methods
Facility
The NASA Ames 3.5-ft Hypersonic Wind Tunnel (HWT) is
a closed-circuit, blow-down-type tunnel with a pebble-bed
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heater to heat the air to prevent liquefaction and with inter-
changeable, axisymmetric contoured nozzles to achieve the
test Mach numbers of 5, 7, and 10.! The test section is an
open-jet type enclosed within a chamber approximately 3.7 m
(12 ft) in diameter and 12 m (40 ft) in length, arranged
transversely to the flow direction. Within this chamber is a
model quick-insert mechanism for quickly moving models
(transit time as short as ¥ s) into and out of the airstream.
This is particularly important for heat transfer studies where
the model is isothermal prior to insertion into the flow and the
transit time through the tunnel boundary layer has an insigni- .
ficant effect on the heating measurements. All optics for flow-
visnalization studies are also enclosed within the chamber,
thus eliminating the need for viewing through any windows.

Model

The all-body hypersonic aircraft model is representative of a
hypersonic cruise vehicle derived from analytical studies.?*
The aerodynamic force and moment characteristics of this
configuration were previously investigated from subsonic to
hypersonic Mach numbers.® The basic all-body model (with-
out control surfaces) is shown in Figs. 1 and 2. Figure 1 is a
sketch of the model to show the basic model geometry and
dimensions; Fig. 2 is a photograph of the model installed in the
NASA Ames 3.5-ft HWT. The support sting for mounting the
model in the tunnel is attached to the model along the after-
body centerline (see Fig. 2). The model has a delta planform
with leading-edge sweepback of 75 deg and total axial length L
of 0.9144 m (3 ft). The present model is larger than the force
model (L = 0.4826 m) of Ref. 6. The forebody is an elliptic
cone with a major-to-minor axis ratio of 4, and the afterbody
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Fig. 1 All-body model without control surfaces.
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Fig. 2 All-body model without control surfaces in NASA Ames 3.5-
ft Hypersonic Wind Tunnel.

has elliptical cross sections with a sharp straight-line trailing
edge. The juncture between the forebody and afterbody oc-
curs at two-thirds of the body length. The model nose can be
either sharp or blunt with the blunt nose blended smoothly
into the elliptical shape of the body. Only results for the sharp-
nosed model will be given in this paper. The model has only
been tested to date without control surfaces (combination hor-
izontal/vertical tails). This relatively simple model geometry
can be gridded easily for CFD codes.

Test Conditions

The test conditions for this study include nominal free-
stream Mach numbers M, of 5, 7, and 10; freestream Rey-
nolds numbers Re,, ;, based on model length of 0.9144 m (3
ft), from 1.5 x 10°% to 25 x 10° (laminar to turbulent flows);
and model angles of attack « of 0, 5, 10, and 15 deg (attached
and separated flows). For computing the tunnel flow condi-
tions, the air is treated as a thermally perfect, calorically im-
perfect gas with the relatively small imperfect-gas effects ac-
counted for by the analysis of Ref. 7. Keyes’ equation® for
viscosity, rather than Sutherland’s equation,’ is used because
of the low freestream static temperatures (approximately 50
K). Boundary-layer transition studies using heat transfer mea-
surements were conducted to assess the state of the boundary
layer (laminar, transitional, or turbulent) for the specific test
conditions of this experiment.

Results will be given in the present paper for M., = 7.4 and
Re,; = 5 x 105.to 25 x 10°. These conditions were for a
nominal freestream total temperature 7, of 722 K (1300°R)
with a freestream static temperature 7, of 62K (111°R) and a
model wall temperature T, of 300 K (540°R). The ratio of the
wall enthalpy H,, to the freestream total enthalpy H, is H,,/H,
= 0.4. The values for M, Re,, ;, T, and T,, were used for
the UPS code computations, along with the viscosity from
Keyes’ equation.

Measurements

Flow-visualization data (shadowgraphs and surface oil-flow
patterns), surface pressures, surface convective heat transfer,
and pitot-pressure flowfield surveys will be presented in the
paper for the basic all-body model without control surfaces.

The skin-friction lines (limiting streamlines) were visualized
using the surface oil-flow technique.® The model was painted
with a thin layer of high-temperature, flat-black paint; wet
sanded; and then coated with a white oil mixture (vacuum
pump oil, titanium dioxide powder, and oleic acid) to provide
good contrast for photographs. The model was exposed to the
tunnel flow for approximately 10~-30 s, depending on test con-
ditions, to develop a stable oil-flow pattern. During the runs,
observations of the model with a video camera demonstrated
that the model travel through the tunnel free-jet shear layer
during the model insertion and retraction had no adverse ef-
fects on the flow patterns developed during the runs. Postrun
still photographs were made of the surface oil-flow patterns.

The model has 192 surface pressure taps (1-mm orifice di-
ameter) connected to electronic pressure scanners installed in-
side the model for measurements. The pressure transducers
measured differential pressure with a vacuum reference. To
insure greater measurement accuracy, all pressure transducers
were calibrated immediately before each run.

To provide surface heat transfer measurements using the
thin-skin technique,'® a new thin-wall (0.5-mm-thick) 17-4PH
stainless steel cover plate with 62 chromel-constantan thermo-
couples spot welded at selected locations (from 25 to 85% of
model length and to 70% of model semispan) was built to re-
place the existing top cover plate for the pressure model. The
model is tested at + « to obtain leeward and windward heating
data, respectively. The presence of the model support sting
limited the number of measurement locations for the after-
body.

For pitot-pressure surveys, two rakes are used with one
mounted on the model centerline and the other at selected out-
board stations. The rakes can be positioned fore and aft at
various x/L stations along the lower surface. The model is
tested at =+« to obtain windward and leeward surveys, respec-
tively. The probes on both rakes are stainless steel tubing with
an outside diameter of 1 mm and an inside diameter of 0.8
mm. The ends of the probes on the centerline rake were flat-
tened to allow closer probe spacing near the wall.

Computational Methods

Comparisons of the experimental results with computa-
tional results from UPS code developed at NASA Ames and
some approximate inviscid methods will be presented later.

The UPS code!! uses an upwind method for solving the par-
abolized Navier-Stokes (PNS) equations. The code employs a
numerical algorithm that is second-order accurate and upwind
in the crossflow directions. The improved shock-capturing
characteristics of the algorithm are due in large part to the up-
winding. Presently, the algorithm is first-order accurate in the
streamwise direction. This is generally considered sufficient
accuracy for noniterative space-marching methods because
step sizes are restricted much more by stability constraints
than by accuracy considerations. The algorithm is implicit
both in the interior of the flowfield and in the treatment of the
boundaries. Freestream conditions are imposed at the outer
boundary and all shocks are captured rather than fitted.
Finally, the method makes use of the finite volume approach
to ensure that fluxes are treated in a conservative manner. The
dissipation of upwind methods allows shock waves to be
sharply captured without introducing the oscillations that are
typically obtained using conventional central-differencing
schemes. Also, because the dissipation is inherent within the
algorithm, it is not necessary for the user to specify the values
of smoothing parameters. Presently, there is capability for
modeling either laminar or turbulent flow of a perfect gas
(used for this study), equilibrium air, or nonequilibrium air.
The onset of transition can be specified either as a streamwise
station or as a local value of Re,/M,, where Re, is the local
Reynolds number based on momentum thickness and M, is
the local Mach number at the boundary-layer edge. For all of
the UPS results presented here, transition was assumed to
begin at x/L = 0.05 and end at x/L = 0.1. The algebraic eddy
viscosity turbulence model of Baldwin and Lomax!? is pres-
ently used with modifications suggested by Degani and
Schiff!? for treatment of crossflow separation. Air in chemical
equilibrium is modeled using curve fits for the thermodynamic
and transport properties.'* In addition, a version of the code
incorporating nonequilibrium air chemistry using a loosely
coupled approach has been developed recently.!’

The UPS results presented in the following section were
computed using a grid containing 90 cells in each crossflow
direction. Grid points were clustered near the wall with normal
spacings to the first field point generally between 0.2 X 1073
and 0.5 x 1073 m. Values of y* (dimensionless distance from
the wall in viscous wall units) to the first field point on the
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windward centerline ranged from 0.2 to 0.5 at « = 15 deg. In-
itial conditions for the sharp-nosed body were self-generated
near the nose (x/L = 0.05) using an iterative procedure that
produces a conically similar solution. From the conical start-
ing solution, the calculations proceeded downstream using a
marching step size of approximately 2 mm. The calculations
were terminated at 90% of the body length because of grid-
generation limitations. Total CPU time for the calculations
was generally 10-15 min on a Cray Y-MP supercomputer.

The approximate inviscid methods include simple tangent-
cone and tangent-wedge methods!6 for the windward surfaces,
the infinite swept-cylinder method for the leading edge, and an
approximation for conical-flow hodographs!’ for the wind-
ward flowfield. These simple methods are useful tools for pro-
viding estimates of the windward pressures.

Results and Discussion

Experimental and computational results on flow visualiza-
tion, surface pressures, surface heat transfer, and pitot-
pressure flowfield surveys will now be presented. Results will
be given for the sharp-nosed model at M, = 7.4 to illustrate
the basic observations and conclusions from the investigation
for the all-body model. Uncertainty intervals from an error
analysis of the various experimental measurements are in-
dicated as error bars on the corresponding data plots.

Flow Visualization

The windward bow shock, forebody boundary layer, and
flow expansion at the juncture of the forebody and afterbody
are visible in the shadowgraph in Fig. 3 for the vertical symme-
try plane at o = 15 deg. )

Figure 4 is a graph at M, = 7.4 of the forebody shock-wave
angle ©,, as a function of the lower-surface inclination angle
O, for the vertical symmetry plane of the sharp-nosed model.
As shown on the model sketch, these angles are measured
from the horizontal freestream flow direction. The value for
O, is the sum of the angle of attack « and the forebody half
angle of 3.83 deg. Experimental values of 6, from shadow-
graphs for o = 0, 5, 10, and 15 deg (O, = 3.83, 8.83, 13.83,

Fig. 3 Shadowgraph for vertical symmetry plane: o« = 15 deg; M,
= 7.4; Re,,; = 15 x 105 H, /H, = 0.4.
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Fig. 5 Surface oil-flow patterns: & = 15 deg; M,, = 7.4, Re,, | =
15 x 10% H,/H, = 0.4.

and 18.83 deg, respectively) are plotted. The angles of attack
and shock angles were measured to within 0.3 deg. Also
plotted are ©,, values computed by the UPS code for turbulent
flow at the same angles of attack. Shock location was defined
to be at the location of the maximum density gradient in the
captured shock. As might be expected, the UPS code results
are in excellent agreement with the shock-wave data. In addi-
tion, estimates of ©, by simple tangent-cone and tangent-
wedge inviscid methods are shown. Comparing the data and
UPS code results to these approximate methods indicates a
change from a wedge-like shock to a conical shock with in-
creasing angle of attack (increasing ©,). Similar trends were
observed for M,, = 5.3 and 10.3. ‘

Photographs of the oil-flow patterns for the windward and
leeward surfaces at o = 15 deg are shown in Fig. 5. As the angle
of attack was increased for the sharp-nosed model, the wind-
ward oil-flow patterns changed from wedge-like (strip) at o = 0
deg to conical surface flow patterns at higher angles of attack.
The conical pattern of the skin-friction lines is visible on the
windward surface of the model forebody at « = 15 deg (Fig.
5a). However, the skin-friction lines begin to converge inward
toward the model centerline at the forebody/afterbody junc-
ture where the flow expands and becomes nonconical. These
features were characteristic of the flows at all three Mach
numbers for the sharp-nosed model.

The leeward oil-flow pattern at « = 15 deg (Fig. 5b) illus-
trates the complex leeward vortical flows characteristic of con-
ical and delta-planform bodies at angle of attack. The reat-
tachment line for the two primary vortices is visible on the
most leeward ray at the symmetry plane. The presence of two
secondary vortices is also visible just outboard of the primary
reattachment region: The actual crossflow separation lines for
the primary vortices near the model leading edges are not
definitive because the oil-flow pattern may not be fully devel-
oped with time in these regions. The slight disturbances in the
oil-flow pattern near the nose tip are due to transverse joints in
model surface. The two straight lines along conical rays, just
inboard from each leading edge, are joints for the removable
cover plate on leeward surface. The shock/boundary-layer in-
teraction at the sting attachment on the afterbody can also be
seen. No other significant details are apparent in the oil-flow
pattern for the low-shear regions of the afterbody.
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LAMINAR

Fig. 6 Particle traces for leeward surface by UPS code (simulated
surface oil-flow patterns; x/L ='0.0-0.9): « = 15 deg, M, = 7.4;
Re.; = 15 x 104 H,/H, = 0.4.

LAMINAR TURBULENT

Fig. 7 Mach number contours for crossflow plane at x/L = 0.6 by
UPS code: o = 15 deg; M, = 7.4; Re,, | = 15 X 10%; H,/H, =04,

The particle traces on the leeward surface computed by the
UPS code for o = 15 deg and M,, = 7.4 are shown in Fig. 6.
Results are given for both laminar and turbulent flows. For
each case, the right side of the model is shown with the sym-
metry plane at the bottom. The addition of turbulent viscosity
is shown to cause a slight change in the computed leeward
flowfield. Both cases indicate the presence of a secondary
crossflow separation with the separation and reattachment
lines between the primary separation and the symmetry plane.
The reattachment line is closer to the symmetry plane for the
turbulent case than for the laminar case, which is in better
agreement with the experimental oil-flow pattern of Fig. 5b.
The prediction of the secondary separation in the turbulent
solution can be attributed to the implementation of the
Degani-Schiff!* modifications to the Baldwin-Lomax turbu-
lence model.!? Computations with the unaltered Baldwin-
Lomax model suffered from the addition of excessive dissipa-
tion in the crossflow separation region and produced only a
primary separation with reattachment at the plane of symmetry.

The Mach number contours in the crossflow plane at x/L =
0.6 computed by the UPS code for the same conditions as for
the surface particle traces are shown in Fig. 7. Contours for
laminar and turbulent flows are shown on the left and right
sides, respectively, of the model centerline. The leeward Mach
contours further illustrate the crossflow primary and secon-
dary separations. The turbulent solution exhibits a much
thicker windward boundary layer and the location of the pri-
mary separation is shown to be nearer the leeward centerline.
A crossflow shock wave is clearly indicated in both solutions.
Except for a slight alteration in the position of this shock, the
turbulence model has essentially no effect on the inviscid por-

tion of the flowfield. The outer-shock waviness is due to linear
interpolation being used in the plotting routine and is typical
of shocks that are captured within 2-3 grid points and not
aligned with the grid. The amplitude and period of these waves
are reduced as the grid is refined.

Surface Pressures

The effects of angle of attack on the windward and leeward
centerline pressures are summarized in Fig. 8 foro = 0, 5, 10,
and 15 deg. Also shown are predictions of the pressures by the
UPS code for turbulent flow. The surface pressure ratio (ratio
of surface pressure p to freestream static pressure p,) is plot-
ted vs the axial station x/L along the surface centerline for the
vertical symmetry plane. The increasing windward and
decreasing leeward pressures with increasing angle of attack
and the drop in pressure at the forebody/afterbody juncture
(x/L = %) are readily seen. There is generally good agree-
ment between the windward pressures by the experiment and
by the UPS code, with greater differences at the higher angles
of attack where the forebody pressures are underpredicted.
The agreement between the leeward pressures by the experi-
ment and by the UPS code is quite good, considering the
relatively low pressures and the complexity of the leeward
flowfield.

The surface pressure ratios along the leading edge at « = 0
deg are plotted in Fig. 9. Experimental values are shown for
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both the left and right leading edges, which show relatively
small differences in the data considering the difficulty of
measuring these pressures with the large pressure gradient at
the leading edge. Of particular interest are the relatively con-
stant pressures along the conical forebody followed by the
decreasing pressures along the nonconical afterbody. The
afterbody has some relieving effect on the leading-edge flow
because of the decreasing afterbody thickness with increasing
x/L. The infinite swept-cylinder method gives a good estimate
of the leading-edge pressure for the forebody, whereas the
tangent-cone method overestimates the forebody leading-edge
pressures. None of these simple methods correctly estimate the
afterbody pressures because they do not account for the chan-
ging afterbody géometry. The UPS code results for turbulent
flow somewhat overpredict the leading-edge pressure data, but
show the correct trend for the afterbody.

The spanwise surface-pressure distributions for the fore-
body and afterbody stations of x/L = 0.6 and 0.8, respec-
tively, at « = 0 deg are now given in Fig. 10. The pressure
ratio p/p,, is plotted vs y/y g for the two x/L values, where y
is the spanwise coordinate and y; g is the value of y at the lead-
ing edge for the given x/L station. Since the pressure taps were
primarily on the left (port) side of the model, the results are
plotted for negative y. It should be noted that the data at a
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given y/y,g value for various x/L values are along a conical
ray from the nose tip in the planform view of model. The dif-
ference in pressure levels between the forebody and afterbody
is readily seen from the figure. The UPS code resuits are in
good agreement with the corresponding experimental data for
these two stations except for predictions of pressures higher
than the experimental values approaching the leading edge.
Although not presented here, the experimental and computa-
tional pressures at a given y/y, g are essentially invariant with
x/L for the forebody, thus indicating the conical forebody
flow, but decrease with increasing x/L for the afterbody, thus
indicating the nonconical afterbody flow.

The spanwise surface-pressure distributions for the wind-
ward forebody and afterbody stations of x/L = 0.6 and 0.8,
respectively, at o« = 15 deg are now plotted in Fig. 11a to illus-
trate the differences between the forebody and afterbody
pressures and to show the comparisons with UPS code compu-
tations for these two stations at angle of attack. The differ-
ences in pressure levels and distributions between the forebody
and afterbody are readily seen from the figure. By comparing
this plot with Fig. 10 at o = 0 deg , the changes in the pressure
distributions from the forebody to the afterbody at o = 15
deg are even more pronounced than at « = 0 deg. The agree-
ment between the experimental and UPS code results are seen
to be good except approaching the forebody centerline where,
as was previously shown in Fig. 8a, the UPS code underpre-
dicts the windward pressures.

The spanwise pressure distributions for the leeward fore-
body and afterbody stations of x/L = 0.6 and 0.8, respec-
tively, at o = 15 deg are now plotted in Fig. 11b to illustrate
the differences between the forebody and afterbody pressures
and to show the comparisons with UPS code computations for
these two stations at angle of attack. The forebody/afterbody
differences in these relatively small leeward pressure levels are
apparent. The agreement between the experimental and UPS
code results are seen to be good except near midspan and ap-
proaching the leading edge.

Although not presented here, as for o = 0 deg, the pressures
for @ = 15 deg at a given y/yg are essentially invariant with
x/L for the forebody, thus indicating the conical forebody
flow, but decrease with increasing x/L for the afterbody, thus
indicating the nonconical afterbody flow.

Sur® & Heat Transfer

The effects of both Reynolds number and angle of attack on
the experimental heat transfer along the all-body centerline for
the vertical symmetry plane are shown in Fig. 12 for « = 0 and
15 deg (windward surface). Log-log plots of the normalized
heat transfer rate (ratio of surface heat transfer rate g to a
computed heat transfer rate g, for a reference sphere [R =
0.01L] by the method of Fay and Riddell!®) vs the axial station
x/L are shown. At a fixed value of Re, ; on such a log-log
plot, the heating rate should vary linearly and inversely with
increasing x/L for the portions of the conical forebody flow
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with a laminar or turbulent boundary layer. Only experimen-
tal results are shown for the sharp-nosed model at freestream
Reynolds numbers Re,, ; from 5 x 106 to 25 X 105. The data
are presented as g/g, vs x/L to readily show the forward
movement of boundary-layer transition onset with increased
Re,,; for either angle of attack and the rearward movement
with increased angle of attack for a fixed value of Re,, , . Also,
the large decrease in heating at the forebody/afterbody junc-
ture (x/L = 2%4) is quite evident with the heating further
decreasing along the. afterbody. The afterbody heating is
almost an order of magnitude lower than the turbulent fore-
body heating. As previously mentioned, the afterbody data
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Fig. 13 Centerline heat transfer distributions for various angles of
attack: M,, = 7.4; Re,,; = 15 x 108 H, /H, = 0.4.
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Fig. 14 Effect of angle of attack on centerline heat transfer: M, =
7.4; Re,,; = 15 x 105 H,/H, = 0.4.

are limited because of the presence of the sting along the sur-
face centerline.

Comparisons of the experimental and UPS code results for
the surface heat transfer distributions along the centerline are
given in Fig. 13 at o = 0, 5, 10, and 15 deg for M, = 7.4 and
Re,; = 15 x 10%. The Stanton number St {St =q/[(ptt)
(H, — H,))]} used for the comparisons is based on the surface
heat transfer rate g, freestream unit mass flow (pu),,, free-
stream total enthalpy H,, and wall enthalpy H,,. For this fig-
ure, the Stanton number is plotted on log-log plots vs axial sta-
tion x/L along the surface centerline for the vertical symmetry
plane. On such log-log plots, the Stanton number should vary
linearly and inversely with increasing x/L for the portions of
the conical forebody flow with a laminar or turbulent bound-
ary layer. The experimental data and the UPS code results in-
dicate this to be the case for the turbulent forebody flows at
the angles of attack and Reynolds numbers given here. The
large differences in heating levels between the windward and
leeward sides for a given angle of attack and the increasing
windward and decreasing leeward heating with increasing an-
gle of attack are readily seen.

The windward heating for the forebody at o = 0-10 deg is
predicted quite well by the UPS code. There are minor differ-
ences between the experimental and UPS code results for the
leeward forebody, where oil-flow studies illustrate the com-
plex leeward flow with vortices at angle of attack. The after-
body heating is overpredicted by the UPS code for both the
windward and leeward centerlines at these test conditions.

At o = 15 deg, the experimental heating results in Fig. 12
for the windward centerline indicated that the forebody
boundary layer was transitional for Re,; = 15 x 105 and
turbulent for Re,, ; = 25 X 10 in the x/L range of the heat-
ing measurements. Thus, in Fig. 13d, the experimental wind-
ward heating for the forebody at Re,; = 15 x 10% over-
shoots the UPS code turbulent heating results for the same
Re,, ; , as is characteristic for transitional heating. Also shown
are the experimental heating data for Re,; = 25 x 106,
which are comparable to the windward levels predicted by the
UPS code for Re,, ;, = 15 X 108, There is good agreement be-
tween the experimental and UPS code results for the leeward
forebody at o = 15 deg. For this angle of attack and these test
conditions, the afterbody heating is underpredicted by the tur-
bulent UPS code for both the windward and leeward sides, as
opposed to the overprediction for the lower angles of attack.

Summary plots showing the effects of angle-of-attack varia-
tion on both the windward and leeward heating for the same
freestream Reynolds number of 15 X 10° are given in Fig. 14.
The increasing windward and decreasing leeward heating with
increasing angle of attack are readily seen. Both plots have the
same scale to readily show the large differences in heating
levels between the windward and leeward sides for the corre-
sponding angles of attack. ‘

The spanwise heat transfer distributions for the forebody
are shown in Figs. 15 for @ = 0, 5, 10, and 15 deg. The Stan-
ton number St is plotted vs y/y g for x/L = 0.5 and 0.6. It
should again be noted that the data at a given y/y; g value for
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Fig. 15 Spanwise heat transfer distributions for forebody: M, =
7.4; Re,, ; = 15 x 105 H,/H, = 0.4.

various x/L values are along a conical ray from the nose tip in
the planform view of the model. Linear plots are used to
directly illustrate the spanwise variation in heating, differences
between heating values for the two x/L stations, and differ-
ences between the experimental and UPS code results. As pre-
viously mentioned, the spanwise heating measurements were
limited to y/y; g < 0.7 for this study.

In Fig. 15a for « = 0 deg, a spanwise increase in heating
from the model centerline toward the leading edge is shown
with relatively small decreases in heating between x/L stations
along a conical ray at any given value of y/y, . There is good
agreement between the experimental and UPS code results for
the limited range of the measurements.

For o = 5 and 10 deg (Figs. 15b and 15c, respectively), the
heating generally increases spanwise toward the leading edge
for both the windward and leeward sides, with a local maxi-
mum on the leeward centerline where oil-flow studies and UPS
code solutions showed reattachment of two vortices at angle
of attack. As was previously shown for o = 0 deg, there are
relatively small differences between the results at the two x/L
stations for both the windward and leeward sides. The agree-
ment between the experimental and UPS code results is gener-
ally good, with greater percentage differences for the leeward

side.

Since the windward boundary-layer flow for o = 15 deg at
Re,; = 15 x 10° was previously shown to be transitional
ahead of x/L = 0.5 (Fig. 12), the experimental spanwise heat-
ing data for not fully developed turbulent flow at x/L = 0.5
and 0.6 (Fig. 15d) are not predicted well by the UPS code,
which assumed a fully developed turbulent flow on the wind-
ward side. As would be expected and was shown for the cen-
terline, the experimental spanwise heating data near the end of
transition exceed the levels predicted for turbulent flow by the
UPS code. However, the UPS code predicts the general span-
wise trends for the leeward side, with local maxima on and just
off the centerline. Greater percentage differences are observed
outboard. Considering the relatively low leeward heating
levels and the complexity of the leeward flow with primary
and secondary vortices, the apparent agreement between ex-
periment and the UPS code is noteworthy.

Pitot-Pressure Surveys

The purpose of Fig. 16 is to show the basic.features of the
shock-layer flow on the afterbody lower surface at the rake
survey station. Experimental data for o = 0 and 15 deg are
compared with a simplified inviscid model of the flow. Pitot
pressure (normalized by freestream pitot pressure) is plotted vs
distance from the model surface (normalized by model
length). This distance is measured perpendicular to the hori-
zontal symmetry plane of the model (see model sketch on
figure). The pitot-pressure profiles consist of an outer con-
ical-flow region at the shock wave, a central flow-expansion
region, and an inner viscous flow region adjacent to the wall.
The inviscid flow model consists of the outer conical-flow re-
gion at the shock wave, the central region represented by a
Prandtl-Meyer expansion, and a two-dimensional planar re-
gion near the surface where the flow turns parallel to the sur-
face. To construct the inviscid model, the forebody surface
Mach number must be known for calculation of the Prandtl-
Meyer expansion. Using the experimental shock-wave angle,
an approximation for conical-flow hodographs!’” was used to
calculate the forebody Mach number. The forebody and after-
body local Mach numbers were estimated to be 6.70 and 9.45,
respectively, for « = 0 deg, and 4.25 and 5.40, respectively,
for @« = 15 deg. These values are based on M, = 7.43. As
shown in the figure, the main features of the inviscid model
agree reasonably well with experiment except near the surface
where viscous effects predominate.

» .20
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r o 0
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Fig. 16 Comparison of experimental pitot-pressure distributions
with inviscid model of flow: afterbody centerline x/L = 0.8; M, =
7.4; Re,, ; = 15 x 105 H,/H, = 0.4.
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Comparisons of the experimental pitot pressures on center-
line at @ = 0 deg with computational solutions from the UPS
code are given in Fig. 17 at various afterbody stations. Results
are given for the entire shock layer and, with expanded coor-
dinate scales, near the wall to more clearly show details of the
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boundary layer. The boundary-layer edge indicated in the
figures was estimated from shadowgraphs of the flow. Gener-
ally good agreement is demonstrated by the comparisons for
the shock layer except near the bow wave, which is not sharply
defined by these computations due to the coarseness of the
grid used in the outer flow. Planned use of adaptive grids with
the UPS code should help resolve the flow near the bow wave.
The experimental and UPS code results agree well in the outer
part of the boundary layer, whereas the UPS code underpre-
dicts the experimental results near the wall.

Experimental pitot-pressure profiles of the shock layer are
compared with solutions by the UPS code in Fig. 18 for an an-
gle-of-attack range of — 15 deg (leeward) to 15 deg (windward).
Comparisons are made on the model centerline at x/L = 0.8
for the entire shock layer and, with expanded coordinate
scales, near the wall to more clearly show details of the bound-
ary layer and the merging of the boundary layer with the ex-
pansion region of the flow for « = 0 deg. The boundary-layer
edge was again estimated from shadowgraphs of the flow. The
UPS code results are considered in good agreement overall
with experiment except near the bow wave because of grid res-
olution, as previously discussed for Fig. 17. On the windward
side (o« = 0 deg), the merging of the viscous and expansion re-
gions of the flow are predicted well by the code. The abrupt
change in pitot pressure at the edge of the boundary layer for
the higher angles of attack is predicted. At « = 0 deg, both the
experimental and UPS code results indicate a smooth transi-
tion from the viscous region into the expansion region. Lee-
ward for « = —10and — 15 deg, small differences can be seen
for the expansion region, but good agreement is shown in the
outer regions of the shock layer.

Concluding Remarks

This paper described a comprehensive test program con-
ducted in the NASA Ames 3.5-ft Hypersonic Wind Tunnel for
obtaining data on a generic all-body hypersonic vehicle for
CFD code validation and/or calibration, outlined the basic
features of the UPS code (an upwind parabolized Navier-
Stokes solver) currently being applied to the all-body model,
and presented experimental and computational results on flow
visualization (shadowgraphs and oil-flow patterns), surface
pressures, surface heat transfer, and pitot-pressure flowfield
surveys for the sharp-nosed model at a freestream Mach
number of 7.4 and angles of attack from 0 to 15 deg. The
results indicated significant changes from the forebody (coni-
cal) to the afterbody (nonconical) flows. Complex leeward
flow was observed at angle of attack with crossflow separation
and vortices. There was generally good agreement between the
experimental and UPS code results for shock-wave angles,
surface pressures (some differences at higher angles of attack
and near leading edge), surface heat transfer (some differences
for afterbody and leeward flows), and afterbody pitot-pres-
sure surveys (some differences for leeward flow at higher angles
of attack and inner region of viscous layer). The data from this
study are invaluable for the validation and/or calibration of
not only the UPS code, but for other codes being developed at
NASA Ames and other organizations.
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