AIAA JOURNAL
Vol. 33, No. 2, February 1995

Hypersonic Model Testing in a Shock Tunnel
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A shock tunnel is used to perform tests at hypersonic flow conditions including weak real gas effects. Pressure and
heat flux distributions are measured around typical re-entry configurations. From these data ¢, values and Stanton
numbers are deduced. For constant Mach and Reynolds number the experimental results achieved indicate a strong
influence of the total temperature on the Stanton number distribution. For the results presented this behavior is
mainly based on entropy layer and viscous interaction effects. A correlation function which takes into account
these effects correlates the Stanton numbers achieved for different flow conditions and in different wind tunnels

fairly well.

Introduction

HE development of modern re-entry vehicles requires exten-

sive testing in hypersonic test facilities. The results obtained
are used for the design process as well as for computational fluid
dynamics (CFD) code validation. In the present paper some experi-
mental results are given which were achieved in the Aachen shock
tunnel TH2. With a maximum flow velocity of about 3.5 km/s this
facility is able to produce flow conditions with vibrational excita-
tion and dissociation of oxygen molecules. During the last few years
the Aachen shock tunnel has been intensively used within the Her-
mes program to study the hypersonic flow around typical re-entry
bodies. The measured surface values are transformed into pressure
coefficients and Stanton numbers. This allows the correlation of
experimental data achieved for different freestream conditions but
does not include all of the variables of influence. Particular the Stan-
ton number still shows a strong dependence on Mach and Reynolds
number as well as on the shock conditions.

A special correlation function allows these problems to be over-
come and the results achieved for different flow conditions and in
different wind tunnels to be compared. This is demonstrated for
blunt bodies, like a double ellipsoid or a Hermes model, as well as
for a relatively thin hypersonic aircraft model.

Hypersonic Model Test

Double Ellipsoid

During the last few years many experiments have been performed
in the Aachen shock tunnel where typical re-entry bodies have been
measured for pressure and heat flux distributions. From these data
pressure and Stanton numbers are deduced by applying a well-
developed method! to determine the freestream conditions. As atyp-
ical example, Fig. 1 shows the Stanton number distribution around
the windward side of a double ellipsoid, which has been selected as
test case for the Antibes Workshops Part I and I1.2 It is interesting
to compare these results with those achieved for approximately the
same Mach and Reynolds number but for different stagnation tem-
peratures. This is presented for the windward side in Fig. 1. For the
two lower curves it is obvious that the lower stagnation temperature
yields higher Stanton numbers. This difference cannot be explained
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by the small deviation of the Mach numbers of the two tests. For the
pressure coefficient no such significant deviation has been obtained.
Since the difference between the Stanton numbers of the two tests
becomes larger with increasing distance from the nose, this may
indicate that this is not only due to real gas effects. One has to take
into account two other important phenomena, which influence the
heat transfer. First, as it is well known, the curved shock around
the blunt nose produces an entropy layer which interacts with the
boundary layer. This increases the surface heating. Second, for thick
boundary layers viscous interaction between the boundary layer and
the outer flow takes place. In the downstream direction, compared
to the inviscid case, this leads to a stronger pressure decrease which
also produces a higher surface heating. There exist some theoreti-
cal approaches related to these phenomena. Le Bozec? proposed a
correlation of the Stanton numbers by a relation which was used by
Miller et al.* for the heating on biconics. The Stanton numbers are
correlated by*

i
(ps /poo) 4
Stp =St ————F— = L 1
R = Sty = S G/ (1)
where the Chapman-Rubesin factor
1Ty
Cr= 2
T 2
is calculated for a reference temperature T*
T; [
T"=—{143— 3
e (1+9%) ®

This approach is based on a work performed by Cheng et al.,> who
studied the boundary-layer displacement and leading-edge blunt-
ness effects in high-temperature hypersonic flow for flat plates.

From a simplified point of view in Eq. (1) the factor M,
+/C*/Rey is caused by the viscous interaction phenomenon,
whereas the factor (o,/ps)% can be attributed to the bluntness
effect. The exponent of the density ratio mainly depends on the
geometry and on the flow condition to some extent. According to
the first-order theory of Cheng et al.’® for a flat plate at zero degree
incidence and strong bluntness effects the result can be simplified
in the following manner:

(p:/poo)%
My /C*/Re,

where ¢ is the thickness of the blunt leading edge or nose.
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Fig. 1 Original and reduced Stanton numbers for the windward side
of the double ellipsoid, o« = 0 deg.

Based on the Cheng et al.’ theory for slender blunt cones Witliff
and Wilson® give the following relation:

1
St(ps/poo)
Ms/C/Rex
But for this case a comparison with experimental results shows only

poor agreement.® From the experimental results for the flow around
typical blunt re-entry bodies the authors found
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which results in a slightly improved correlation compared to that
of Eq. (1).

Returning to the experiments performed with the double ellip-
soid, Fig. 1 also shows the correlated Stanton numbers according
to Eq. (1). It is remarkable that the correlated Stanton numbers for
both test conditions nearly coincide. The same result is found for
correlating the Stanton numbers by Eq. (6). This means that the
difference between the two test conditions in the original Stanton
numbers is due not only to real gas effect/sbuf is mostly due to en-
tropy layer and viscous interaction phencmena. Of course, the ratio
wall-to-total temperature also changes with the test condition and
in this case it varies from 0.06 to 0,2. To some extent this is also
taken into account by the referenc/e'/ temperature T* and the factor
C*. However, for a cool wall, as is the case for the results presented,
the influence of this temperature ratio on the Stanton number is
very weak.”

Sty =

= f(x/L,....) 6)

Hermes Configuration

Most of the experiments have been performed with real re-entry
configurations, like the European Hermes space glider. For this pur-
pose, typically models are used on a scale of 1/55. Special flow
conditions are chosen to study the influence of the stagnation tem-
perature or of the viscous interaction. For the windward side some
results of these tests are given in Fig. 2. There, a large range of stag-
nation temperaturés, and Mach and Reynolds numbers is covered.
For these tests the viscous interaction parameter

M3

= —==/C* 7
X TRe 0

HYPERSONIC TESTING IN A SHOCK TUNNEL

263

120 gt

T
0 Moo=12.8,

y 4
Reoo=7.0%10",

3 To=1500 K
St | nose o Me=12.1, Reww=3.010°. To=1500 K
100 - 8 Mop=11.9, Reoo=4.3*10}, To=4500 K 1
© Moo=7.9, Reoo=1.0%10°, To=1500 K
\ + Moo=6.8, Rege=9.0¥10°, To=4600 K
80+ o E
|
|
|

TN

N $ 4\9 body flap o
200 ¢ e — o Ay
& \u\‘:‘\ \3\ AA\A ! Jv:?
g § == O g om0 AT
a) ol TNt o VR S T
02 04 06 08 1
x/L
5 T - : T
. © Mog=12.8, Reeo=7.010%, To=1500 K
St & @ Mao=12.1, Reoo=3.0*107, To=1500 K
| ¢+ Mu=119, Rego=4.3%10", T5=4500 K _ |
T ¢ Moo=T7.9, Rego=1.0%107, To=1500 K 3
+ Meo=6.6, Reqo=9.0¥10°%, To=4600 K

;
A‘ o
' \ body flap
2
[
[
| ¥
|
N
1 §\; 4"\7 g0
‘nose i o  — 6?[
, Eé °
b) ol . . o
0.2 0.4 0.6 0.8 1
x/L
12 : v 7 -
. o Moo=12.8, Reeo="7.0%10, To=1500 K
Str . o Moo=12.1, Rego=3.0*10,, Ty=1500 K
10F o Moo=11.9, Reso=4.3*10}, To=4500 K
° Moo=7.9. Reoo=1.0¢107, To=1500 K
] + Moo=6.6, Reno=9.0¥10°, To=4600 K '
8t | i
w ; \
| )
oo IS
) \o body flap:
h 1
I L3 I
r @ i 4
o "\a :
- V\g\e v .
21 nosc e\g<A\§ VA»AF>
: AN |
' ox,, °
0l 1 L . , O
02 0.4 0.6 0.8
c) x/L

Fig.2 Stanton number distributions for the windward side of Hermes,
o = 40 deg, 6 = 20 deg: a) original Stanton number, b) correlated
Stanton number according to Eq. (1), and c) correlated Stanton number
according to Eq. (6).

varied from 0.3 to 7.5, which means from very weak to very strong
viscous interaction. Figure 2a shows the dependence of the origi-
nal Stanton number on the various test conditions. At the nose the

~strongest influence of the flow conditions is observed, where the

Stanton number typically changes by a factor of 5-10. From these
data according to Eq. (1) the correlated Stanton numbers Stz have
been computed and are plotted in Fig. 2b. They show a fairly good
correlation. Of course, the remaining scatter is also caused by un-
certainties in the determination of the freestream conditions for the
various flow conditions. The correlated Stanton numbers according
to Eq. (6) are presented in Fig. 2c. As mentioned earlier, this rela-
tion yields a slightly improved correlation, especially at the nose.
The third gauge at x /L = 22% shows a bigger scatter than the other
ones. At the end of the test campaign it turned out that this gauge
had not always worked properly. The presentation of the Stanton
number in correlated form helps to detect the significant differences
in flow behavior of the various experiments. On the body flap, e.g.,
for My, = 7.9, the correlated Stanton number shows a remarkably
higher level than for the other tests. But for this test at x /L = 60%,
a weak transition of the boundary layer occurred. This is not very
clear from the original Stanton number distribution, Fig. 2a. For this
test the transitional boundary layer leads to much higher heat fluxes
on the flap. Compared to the other tests, this is not clearly repre-
sented in the original Stanton number plot, but for the correlated one
it is. Shortly in front of the body flap the scatter of the correlated
Stanton numbers slightly increases. This is due to the formation of a
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Fig. 3 Comparison of correlated Stanton number distribution achi-
eved in different wind tunnels, Hermes model, o = 40 deg, windward
side.
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Fig.4 ELAC geometry and location of gauges.

separation bubble in front of the flap. Of course, this phenomenon is
not taken into account in the presented correlation relations, which
are strictly valid for attached laminar boundary-layer flow.

This Hermes model was also measured in several test facilities of
different kinds and sizes. Correspondingly, the flow conditions of
these tests varied nearly in the same range as that indicated in Fig. 2.
Furthermore, models of different size have been used. Nevertheless,
the comparison of the correlated Stanton number distributions in
Fig. 3 shows a fairly good agreement. For the tests performed in
the Aachen shock tunnel, from Fig. 2b for each position, an average
correlated Stanton number and a typical margin resulting from the
different flow conditions could be given. Of course, the comparison
of these results is influenced by some uncertainties, which may be
responsible for the remaining scattering. These uncertainties are
due to different methods used in the test facilities to determine the
freestream properties, to perform the heat flux measurements, and to
calibrate the heat flux gauges, etc. Furthermore, there may be small
geometrical deviations of the different models. Taking into account
all these error sources the agreement achieved is good.

Hypersonic ELAC Configuration

ELAC is a reference configuration of a special research center
(Sonderforschungsbereich 253) “Fundamentals of Design of Aero-
space Planes” at the Aachen University of Technology. A delta wing
was chosen to represent the lower stage of a two-stage space trans-
portation system. It has elliptical cross sections, where the geome-
try is defined as simply as possible to allow for a simple numerical
treatment of the flow. Details of this project and experimental and
numerical results are given in Ref. 8. The general shape of ELAC
is shown in Fig, 4. '

In the context of this paper the authors will concentrate on the heat
transfer measurements, which have also been performed along the
wing leading edge. Compared to re-entry bodies, ELAC represents a
relatively thin body where the bluntness of the nose is much smaller
than the other dimensions and the shock strength along the leading
edge in streamwise direction does not change very much. Thus, for
the surface heat transfer along the leading edge no entropy layer
effects should occur, since they are typical for the double ellipsoid
or Hermes. Therefore, the density ratio across the shock should not
have any influence on the correlation of the Stanton number, which
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Fig. 5 Stanton number distribution along the wing leading edge for
o = 0 and 10 deg.

for this case results in the following correlation:

VReJC*

Stpt = St
R Moo

= flx/L) ®

For two angles of attack and two test conditions, the original and
correlated Stanton numbers are presented in Fig. 5. Since the heat
transfer along the wing leading edge is proportional to 1/./7, where
r is the nose radius of the leading edge, first the Stanton number
decreases to reach a minimum at the junction between the front and
afterbody. Behind the junction, the nose radius decreases and so the
heat flux and, therefore the Stanton number increases.

The two upper curves in Fig. 5 clearly show the difference in
the Stanton number distributions for the two test conditions. This
is mainly caused by the different stagnation temperatures. Since for
this model geometry no strong entropy layer effects are expected,
the Stanton number should correlate according to Eq. (8). This cor-
related Stanton number is also presented in Fig. 5, and it shows a
good correlation for the two test conditions and the two angles of
attack. Unfortunately, until now no further experiments for other
flow conditions have been performed with this configuration. But
we think that this example and the former ones clearly demon-
strate the influence of the viscous interaction and the nose bluntness
on the heat transfer, as well as the usefulness of the correlation
functions presented.

Conclusions

A shock tunnel has been used to study the hypersonic flow around
typical re-entry bodies and space planes. From surface pressure and
heat transfer measurements, pressure coefficients and Stanton num-
bers are deduced. The experimental data, achieved with different
model geometries and for various flow conditions, could be corre-
lated quite well by relations which have been found for blunt cone
flows. The correlation takes into account entropy layer effects caused
by curved shocks and viscous interaction phenomena. Variation of
the stagnation temperature for constant Mach and Reynolds number
has a strong influence on these two effects. For a thin body, where the
entropy layer effect is not very strong, its influence could be sepa-
rated from the correlation relation. The corresponding experimental
data also show a good correlation.
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