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Abstract

High enthalpy shock tunnel test was performed at
HEG (High Enthalpy Shock Tunnel in Gottingen ) to
examine the real gas effect on shock interference heat-
ing. Heat transfer distributions were measured along
the sphere model and the leading edge of simple wing-
body model, whose sweep-back angle on the starboad
sideis 55° and on the port sideis 60° . Flow visual-
ization was also made for simple wing-body model by
LIF (Laser Induced Fluorescence) method. CFD analy-
sis has been performed about the heat transfer distribut-
ion along the sphere model both in the conditions of
frozen flow and equilibrium air flow. Good agreement
with experiment was achived in the condition of
equilibrium air flow.

This test program was performed under con tract
with National Space Depelopment Agency of Japan,
NASDA, and is a part of wind tunnel test programs for
HOPE (H- I Orbiting Plane) development.

Introduction

HOPE developement program has been proceeding
by NAL and NAS DA. Aerothermodynamic design of
HOPE is one of the main problem in the design of
HOPE config-uration. It is much more severe than that
of Space Shuttle Orbiter, because the scale is about one
third of Space Shuitle Orbiter. It is required to accurate-
ly predict the acrothermodynamic environment during
reentry, especially in high tem perature hypersonic flight
regime, where maximum heat transfer occurs.

To measure heat transfer in high tem perature hyper-
sonic flight regime, there are two fli ght experiment pro-
gram in Japan. One was the Orbital Reentry Experi-
ment (OR EX) project, which was a Japanese first entry
experiment from orbit and successfully flied on Febru-
ary 4, 1994. Another is the Hypersonic Flight Experi-
met (HYFLEX) project, which is planned to be launched
by J- I Rocket on February, 1996. These flight experi-

mental resuts will give us much information about the
acrothermodynamic environ-ment during reentry. But
this information is not enough to design HOPE Oxbiter.
Because OREX and HYFLEX configurations are much
different from HOPE; OREX is a capsule type Orbiter
and HYFLEX has only fins on the body for lateral
stability control, but HOPE is a winged Orbiter with
tipfins. This difference means that the problem of local
high heating rate cansed by the nose bow-shock and
leading edge-shock interference still remains. Because
the basic configuration of HOPE is a double delta type,
a shock interference heating will be an inevitable prob-
lem, especially in high tem perature hypersonic flight
regime, where nose bow-shock is close to the body
because of the real gas effect.

To investigate the real gas effect, some high entha-
lpy shock tunnels were built. But They are not matured
yet and they can not simulate com pletely the real con-
dition. CFD technique, which is not also matured on
high enthalpy flows, is required to supplememt the
wind tunnel test data

High enthalpy shock tunnel test was performed at
HEG to investigate the real gas effect on heat transfer
distribution along the sphere and on shock interference
heating for a simple wing-body model, whose sweep-
back angle on the starboad side is 55° and on the port
sideis 60" . The results of the heat transfer measure-
ments are shown and the comparisons of CFD result on
heat transfer distribution about the sphere model with
experiment are made in this paper.

Test Facility

The HEG() is a so called free-piston driven shock
tunnel capable of producing high enthalpy and high den-
sity test gas flow (figure 1). It is the largest free-piston
shock tunnel in the world (60m total length). To create
the high pressure of up to 100 MPa in the com pression
tube, a heavy piston (up to 800 kg and 500 mm in di-
ameter) is used The nozzle is the hypersonic contoured
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nozzle. It has an exit diameter of 880 mm, which re-
sults in a core flow of about 500 mm.

Fig.1 High Enthalpy Shock Tunnel
in Gottingen (HEG)
The LIF Method as Applied to HE

The beams of the two ArF eximer lasers, tuned to
different rovibronic transitions of NO, are focused to
sheets and introduced to the test section. Since the
lasers are fired sequentially in time by some micro-
seconds, the induced fluorescence of each laser is captur-
edonly by its corresponding imaging system. These
systems consist of an intensified gated CCD-camera
combined with a Nikkor uv obj ective(@).

The plane-convex cylindrical lenses to focus the
beams to sheets are mounted in the configuration of a
Newton-telescope inside the macrobenches, which also
contain the mirrors and beam splitter modules. These
modules deflect again only a small percentage of both
beams to beam profile CCD-cameras. This enables the
recording of each laser sheet before and after its passage
through the test section to correct the fluorescence ima-
ges with respect to laser intensity and profile fluctua-
tions. (Laser intensity and profile change along their
path.)

Not only to tune the lasers prior to the wind tunnel
run, but also to make quantitative measurement of the
detuning (i.e. wavelength drift) for each laser shot dur-
ing the wind tunnel run, a small percentage of both
beams is deflected via the beam splitter module to the
heated calibration cell containing NO. An intensified
CCD-camera (possibly used with a spectrograph) moni-
tors the induced NO fluorescence of both, spatially
separated laser beams.

NO was exicited at around 193 nm. All tests were
carried out with three transition lines:

+ R21(17.5)

* R22(27.5)

+ a mixed line made up of Q11(32.5), Q2126.5),
R11(26.5) and R21(21.5) as the major
compoments.

The first two single lines were used to obtain LIF

images which could be used for tem perature determina-
tion, while the last mixed line, which was the strongest
line available in the laser tuning range, was used only
for flow visualization.

Test Models

The models tested are sphere model and simple
wing-body model, which are shown in figure 2. 4 Cu-
Ni thin film gages, which were formed on the cylindri-
cal pirex glasses, and 5 chromel-constantan coaxial ther-
mocouples are installed in the sphere model. Cu-Ni
thin filem gages were coated with Si02, which makes
the surfaces of the gages noncatalytic. Unfortunately
they were broken at first shot because of high tem pera-
ture gas and contamination from the shock tube. (Shock
tube inner wall is protected by cupper liner from high
stagnation tem pature.) Coaxial thermocouples were
coverd with epoxy regin for thermal and electrical
insulation from the model wall.

The win g-body model has different sweep-back
angel to get sweep back angle effect on shock inter-
ference heating, 55 on starboad side and 60° on port
side. 16 and 18 coaxial thermocouples are installed on
the leading edge of the starboad and port side wing,

res pecti vely.
)
) ¥t
<\

Coaxial
thermocouples
Thin film
thermocouples

40,

% Model-sting adapter is provided 1o rotate the sphere model
of £20

(a) Sphere Model

240mm

&

16 sensors

36.5 . Iye

\
Coaxial t/hermocouples

180mm

™

(b) Wing-Body Model
Fig.2 Test Models
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Test Conditions

Figure 3 shows three test conditions selected for
this test program together with HOPE reentry trajectry
and HEG operating envelop. Horizontal axis is total
enthalpy and vertical axis is p o, L termed " binary
scal-ing parameter”. L is the reference length. Body
length (0.24m) was taken as the reference length L in
figure 3. These two parameters are very important in
high enthalpy flow, because they are similarity parame-
ters for dissociation reactions. Nominal test conditions
are also tablated in table 1.

HOPE Trajectry
for Aerothermal Desi

R fHEG Oberating Envelop
At o~ oy

{O Test Conditions }

0 5 10 15 20 25 30 35
Enthalpy (MJ/kg)

Fig3. Test Condtons and HOPE Reentry Trajectory

Table.1 Nominal Test Conditions

Conditions
A B C
Po(MPa) 38.63 90.85 111.1
To(K) 9055 9727 8113
Ho(MJ/kg) 21.06 22.30 14.84
U (m/s) 5939 6180 5151
P oL
(X10% kg/m?) 374 8.16 14.09
% L:Body length=0.24 m
CED Analysis

Basic equations are Thin-layer Navier-S tokes equa-
tions . Flow solver adopted in the present calculations
is finite volume TVD upwind scheme®) based on a
AUSMDV®) scheme Implicit time integration using
Gauss Seidel Relaxation method is adopted Com puta-
tions are performed on the sphere model both in the

conditions of frozen gas flow and chemical equilibrium
air flow. Curve fitting method®:6) is used for equilib-
rium air flow computations.

Grid system is a single domain structured multi-
block grid system. Com putational gridis shown in
figure 4.

For Perfect Gas Flow
61X 381)

Fig.4 Computational Grid for Sphere Model

For Equilibrium Air Flow
61X381)

Heat Transfer Distribution
along th here M 1

HEG permanent probe (its diameter is 20m m) and
sphere model (its diameter is 40mm) were always in-
stalled in the test section with other models. Figure 5
shows stagnation point Stanton number vs. Reynolds
number based on nose radius. Data from reference (7)
are also shown in this figure. Stanton number and
Reynolds number were cal culated from the flow condi-
tions behind the shock. 1-D nonequilibrium nozzle
flow analysis code was used for the com putation of free
stream oconditon and equilibrium code was used for the
computation of the condition behind the normal shock.

From this figure, the following relation can be

obtained.
-0.5
S, <(R,p)  <1/4R,

This means that the stagntion heat transfer is
proportional to square root Reynolds number even in
high enthalpy flow condi-tions. Since the stagnation
heat transfer is given by

qS = SlRe,err . xe(Taw -Ty)

However, the level of St is 20~30% higher than
estimated data from reference (7), which were taken in
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the low enthalpy conditons. The cause of this higher
level of St may be the catalitic wall effect in HEG
conditions. The sensors used were chromel-constantan
coaxial thermo-couples, which had metal surfaces, so
that the surfaces of the sensors could be considered as
fully catalitic wall.

Boylan(AEDC)™
10° /.

10°

St

Fig.5 Stagnation Point Stanton Number versus
Reynolds Num ber Based on Nose Radius

Heat transfer distribution along the sphere model in
test condition B is shown in figure 6(a). Heat transfer
values are normalized by the measured stagnation heat
transfer valueat § =0° . The local values vary approx-
imately as con!-36, but the value at §=20" is slightly
higher than the stagnation value. Same result was ob-
tained when the sphere model was rotated 207  (see
figure 5(b)). In other conditions A and C, same trend
was observed. This higher value a #=20" may be
caused by a transition from laminar to turbulent flow,
though the Reynolds num bers were too low (see figure
5). Itis possible that the sensor can be a tri gger of the
transision. The sensor was surrounded with epoxy
regin, and it slightly melted because of high tem pera-
ture air and small gap around the sensor was observed.
Another possibility is a ununiformity of free stream.
(Small disturbance can cause the transition.)

Comparisons of experiments with CFD results
were made for three typical test cases of condtion A, B
and C. Computations were performed both for the per-
fect gas (y =const.) and equilibrium air. The com pari-
son in condition A is shown in figure 7. The result for
equi-librium air flow shows good agreement with the
experi-ment, but the result for perfect gas flow is about
20% lower in stagnation heat transfer than experiment
or equilibrium air result.
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Fig.6 Heat Transfer Distribution along the Sphere
Model in Condition B
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Fig.7 Comparison of Experiment with CFD
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Heat Transfer Distribution along the
Leading Edge of Simple Wing-Body Model

For the delta-wing configuration with highly swept
leading edges, the interaction between the bow-
generated shock and the wing-generated shock wave ex-
hibit the characteristics of a TYPE VI shock interaction
panan(g). The sketch of the TYPE VI shock interac-
tion pattemn is shown in figure 8.

Shear
Centered E’ ayer
Expansion Fan

Bow Shock Reflected

Fig.8 The Sketch of the TYPE VI
Shock Interaction Pattern

As has been discussed, the shock interaction for the
simple wing-body model will exhibit the characteristics
of a TYPE VI shock interaction pattemn. Figure 9 is the
heat transfer distribution along the leading edge on the
starboad side wing; sweep-back angle A=55" . Inall
tests, Angle of attack is 0° . Data are normalized by
the nose stagnation heat transfer andn, is the distance
from the wing-root normalized by exposed semi-span.

Fig.9 Heat Transfer Distribution Along the Leading Edge
with Sweep-Back Angle 55°

Heat transfer near the wing-tip are almost constant so
that this region can be considered outside of the shock
interference region. The theoretical value without shock
interference for oblique cylinder is given by ;

Ruose o512 L

RL/E ﬁ

/e = Qnose

In this equation, sweep-back angle effect is estimated by
costZ A, which was derived from the flight data of Space
Shattle Orbiter’®). The constant values near the wing-tip
agrees well with this theoretical value. But for perfect gas,
cos'® A is reported in some papers as the sweep-back
angle effect. This means that real gas effect can decrease
the sweep-back angle effect on wing leading edge heating.

The LIF images both for A=55" and 60" taken at
condition B are shown in figure 10. These images show
the raw intensity of fluorescence of NO and are not cor-
rected with regard to the laser intensity and profile fluctua-
tions. But the colors of the LIF image are almost propor-
tional to the temperature and density of NO molecule. The
shock impingement point on the wing of A=55" could be
read to about 1, =0.6 from this figure. The maximum
heating occurs just inside this point, and is about 1.5
times as large as the values without shock interference.

FLOW

Fig.10 LIF images in Condition C

For a basic TYPE VI shock interaction pattern, the
heating increases uniformly in the portion of the leading
edge subjected to the flow within the bow shock and there

are no localized increases in heat.ing(m). However a local-
ized increase can be seen clearly in figure 9. One of this
reason may be like this; the bow shock is generated by the
spherical nose so that the total pressure within the bow
shock along each stream line is different, i.e. the total
pressure loss along the stream line which pass though the
bow shock near the nose is larger than that pass though
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pressure loss along the stream line which pass though the
bow shock near the nose is larger than that pass though
the oblique bow shock.. These gives the nonuniform
heating within the bow shock.

The higher heat transfer within the bow shock than that
without shock interference is partly caused by the differ-
ence of the flow properties between inside and outside of
the bow shock. The flow coming to the portion of the
leading edge within the bow shock passes through two
weak oblique shock waves; the bow shock and leading edge
shock. On the other hand, the flow coming to the portion
of the leading edge outside of the bow shock passes
through only one shock wave; the leading edge shock.
The total pressure loss of the former flow is lower than
that of the latter flow. However, the the flow direction is
deflected through the bow shock, which results in the
increase of the effective sweep-back angle of the leading
edge with respect to the flow. This cancels some part of
the increase in heating caused by the smaller total pressure
loss. Further investigations should be made to understand
the reasons for the increase in heating within the bow
shock.

Figure 11 shows the heat transfer distribution for
A=60" . From figure 10, shock impingement point is
about n,=0.7. Heat transfer data are very scatiered, but
trend and the ratio of maximum heat transfer to outer wing
value are almost same as that for A=55" . The heat
transfer distribution within the bow shock is relatively
uniform for A=60" , which will be cuased by the differ-
ence of the sweep-back angle effect. Sweep-back angle
effect for A=60" is larger than that for A=55" so that
the heat transfer distribution within the bow shock will be
smoothed.

1 T —
I1st 2nd 3rd
t O @ O Cond.A
0.8 o = Cond. 8
A A Cond. C
®» 0.6 F 5 ;
o H
'U‘z > H ]
Sw B 4
S 0.4 /B8 BA > . R, g, 1
Bed ’ > . N cogA -
z : b YRa VR
0.2
o SN B

0.4 0.5 0.6 0.7 0.8 0.9

Fig.11 Heat Transfer Distribution Along the Leading
Edge with Sweep-Back Angle 60°

The decrease in heating caused by the expansion fan
generated from the intersection of the bow shock and wing
shock can be seen just outside of the bow shock in some
cases for A=55" . But there are no distinct decrease in

heating for A=60" . Itis possible that three-dimesional
effect, i.e. cross flow, is dominant near the leading edge

so that the influence of the expansion fan can not be seen
as clear as in the two-dimensional case.

Conclusions

High enthalpy shock tunnel test was performed at
HEG under contract with NAS DA for sphere model and
simple wing-body model. Com parison of measured
heat transfer distribution along the sphere model with
CFD both for the perfect gas flow and equilibrium air
flow has been made. Based on the experimental result
and present com putations, the following conclusions are
made.

1) The slope of the stagnation Stanton number with
regard to the stagnation Reynolds num ber showed
good agreement between high and low enthalpy flow.
However, Stagnation heat transfer of the spherical
nose in high enthalpy flow showed a 20 ~30% high-
er value than that in low enthalpy flow (perfect gas
flow).

2) Measured heat transfer at 8 =20° of the sphere model
showed the higher value than the stagnation value in
all test conditons. CFD analysis for laminar flow
didn't give such a result so that this would be caused
by a transition from laminar to turbulent flow.

3) Good agreement of CFD results for an equilibrivm
air flow- with experiment in heat transfer distribution
along the sphere has been obtained. But perfect gas
com putations gave the lower value than the values
for an equilibrium air flow or experiment. This is
consistent with the statement 1).

4) Though the shock interference pattem for the simple
win g-body model had been considered as a TYPE VI
and there would be no localized increase in heating, a
localized peak heating just inside the bow shock was
observed in this experiment. This will be cuased
that the degree of the total pressure loss of the flow
within the bow shock varies along the leading edge.

5) The maximum heating on the leading edge of the
simple wing-body model occured just inside the bow
shock,which value is about 1.5 times as large as the
value without the shock interference. The heat trans-
fer outside of the shock interference region agrees
well with the theoretical value.
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