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A Computational Study of Driver Gas Contamination
in a High Enthalpy Shock Tunnel

Randy S. M. CHUE and Katsuhiro ITOH
National Aerospace Laboratory, Kakuda Research Center
1 Rimigaya, Koganesawa, Kakuda
Miyagi, JAPAN 981-15

Abstract
A computational study has been carried out to examine driver gas contamination in a high-enthalpy
reflected shock tunnel. The investigation focused on the nonsteady events as the reflected shock
interacts with the wall boundary layer and the contact interface and their contribution to driver
gas contamination. Both tailored and off-tailored tunnel operating conditions and the effects of a

choked nozzle are discussed in the present paper.

1. Introduction

In reflected-shock tunnel facilities, the reflection
of the incident shock at the end of the shock tunnel
generates a reservoir of high enthalpy gas which,
upon flowing through a nozzle. provides a source
of high Mach number flow that can be utilized for
aerodyamic testing. The ideal testing time of the
facility is governed by the duration for the test gas
slug to be exhausted through the nozzle. If, how-
ever, the driver gas arrives prematurely at the noz-
zle. the testing time of the facility would be de-
creased. The contamination of the test gas by driver
gas is an important problem in shock tunnel testing
and particularly in high enthalpy impulse facilities
where the the useful test time would severely be
limited.

The interaction of the reflected shock with vis-
cous boundary layers has been recognized as one of
the major candidates to cause driver gas contam-
ination. The theoretical treatment first developed
by Mark! has established the framework for under-
standing the resulting bifurcated shock structure
and the transport of boundary layer fluid by wall
jetting towards the end of the shock tube., Based on
this mechanism. analytical models have been devel-
oped to estimate the premature arrival of the driver
gas at the shock tube end-plate {e.g.. Davies &
Wilson®. Stalker & Crane®). More recently numer-
ical simulations have provided more detailed infor-

mation ahout the contamination process (e.g. Wil-
son et al.'). which has become a great concern in
the current interest in high enthalpy impulse facil-
ities. Wilson examined the bifurcated shock struc-
ture and the transport of driver gas along the wall to
the end-plate for an over-tailored case with laminar
boundary layer.

However. the mechanism that is responsible for
the premature arrival of driver gas remains unclear
and therefore it is still difficult to predict driver gas
contamination in reflected-shock tunnels. Further-
more, many experimental works done to understand
the phenomena are carried out under relatively low
incident shock Mach numbers {of less than 6) and
are therefore not sufficient for high enthalpy studies.
Also, because the main interest has been the phe-
nontenon of reflected shock/boundary layer interac-
tion itself. most of the experimental and computa-
tional works tended to be done for strongly over-
tailored conditions where tle interaction is more
significant and easily observable. The tailored oper-
ating condition, which is of greater relevance to high
enthalpy testing. has not been clearly examined.

Stalker and lis colleagues have been carrying out
experimental measurements and analytical predic-
tions of driver gas contamination based on the inter-
action of reflected shock and wall houndary lavers
in their high-enthalpy free-piston shock tunnel and
have found that the tunnel testing time was signifi-
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cantly reduced at high enthalpies (see for example,
Skinner®). The experiments and analyses have been
carried out for fixed driver condition with variable
shock tube initial conditions. Thus far, their analyt-
ical predictions of the arrival of driver gas at the test
section has not shown reasonable agreement with
the experimental results. Moreover, the experimen-
tal detection of driver gas remains a difficult prob-

lem and it is not easy to vary the tunnel operating .

conditions in actual experiments. Computational
study is thus expected to be an important tool for
examining driver gas contamination.

The objective of the present work is two-
fold—to analyze computationally the reflected
shock/boundary layer interaction in order to deter-
mine its role in causing driver gas contamination
and the lost of testing time, and to conduct numeri-
cal experiments to evaluate the influence of different
tunnel operating conditions on driver gas leakage.

2. The Computational Model

Time-dependent viscous calculations were carried
out for a reflected-shock tunnel with circular cross-
section. The shock tube investigated is assumed to
have dimensions: internal diameter 30 mm, length
4 m. shock-tube-to-driver-tube area ratio 0.09. The
computational domain covered only the region near
the end of the shock tube with the upstream inflow
condition and the tube-wall temperature assumed
to be fixed. Because the emphasis is on the events
after the incident shock has reflected from the end-
plate of the shock tube. the initial condition of the
computation was taken at the moment just before
shock reflection. with the initial flow field behind
the shock estimated from the turbulent boundary
layer theory of Mirels®.

The present study focuses on high shock Mach
numbers (Af; ~ 10) typically encountered in high
enthalpy impulse facilities. The driver and driven
gases are helinm and air, respectively. which are
assumed to be perfect gases. The driver gas has
specific heat ratio of 5/3 and molecular mass of
4.003 kg/kmol. The test gas is assumed to be
high temperature air having specific heat ratio of
1.25. molecular mass of 25.9 kg/kmol. The vis-
cous boundary layer along the tube wall is assumed
to be turbulent and the Baldwin-Lomax' algebraic
eddy viscosity model is used in the present prelim-
inary analysis. To single out the effect of reflected
shock/houndary layer interaction. the contact re-
gion between the driver and driven gases is initially
assumed to be a plane discontinuous surface and no
attempt is made to consider the effects of non-ideal
diaphragm rupture and mixing.

The computational code used in the analysis is
developed by Takahashi et al.® using a second or-
der KRC scheme, which is a pointwise nonoscilla-
tory shock capturing method developed by Itoh et
al.? Time integration was done using the second or-
der Runge-Kutta method. The computational mesh
covers 26 cm of the end portion of the shock tube
with a 433x121 grid with clustering in the bound-
ary layer and the end-plate regions. A more detailed
account of the numerical method used and its vali-
dation can be found in Takahashi et al.’

3. Results and Discussions

Two sets of computations have been carried out—
one for a closed-end shock tube and another for a
shock tunnel with a choked nozzle. The shock Mach
number (M) is fixed at 10 with initial shock tube
pressure (p;) at 10 kPa. The total enthalpy behind
the reflected shock is 13 MJ/kg.

3.1 Wall Jetting

Figure 1 presents the sequence of contour plots
of temperature and driver gas mass fraction as the
reflected shock interacts with the turbulent bound-
ary layer for times up to 100 usec after shock re-
flection at the end-plate. In this calculation, the
“tailored” interface condition. where the ratio of
transmitted shock pressure to the reflected shock
pressure (p;/ps) equals 1.0, is enforced. Particular
attention is directed towards the bifurcated shock
structure produced as the reflected shock propa-
gates into the boundary layer flow. The formation
of the bifurcated shock and the resulting mecha-
nism of wall jetting of the “cold™ boundary layer
fluid towards the end-plate which generates a vor-
tex at the corner region of the end-plate is clearly
illustrated in Fig. 1a. The distortion of the contact
surface and the leakage of driver gas into the test
gas through the bifurcated shock foot can be seen
in Fig. 1b. The interaction immediately results in a
stream of driver gas, near the edge of the boundary
layer and the triple point of the bifurcated shock,
being driven towards the wall boundary layer and
is then partially transported towards the end-plate
(at 50 pesec). This phenomenon agrees well with the
previous analytical model proposed (Mark!. Davies
& Wilson?). However, the vortical structure gener-
ated at the contact surface has a counter-clockwise
direction which serves to retard further transport of
driver gas towards the end-plate. Moreover. the bi-
furcated shock structure weakens drastically as the
reflected shock transmits through the contact sur-
face and wall jetting is less apparent as the shock
propagates into the driver gas region. It is also
noted that the contact surface shape remains rather
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planar as would be predicted by inviscid theory, ex-
cept near the boundary layer region. The driver gas
transported by wall jetting arrives at the end-plate
at about 95 psec after shock reflection.

3.2 Off-tailored Interface Conditions

The effects of off-tailored tunnel conditions are
compared in Fig. 2. Figures 2a and 2c show the
temperature and driver gas mass fraction distribu-
tions at 100 psec for off-tailored conditions while
keeping the primary shock Mach number to be 10.
The values of p;/ps are respectively 0.8 and 1.1 for
the under- and over-tailored conditions. The tai-
lored case is redisplayed in Fig. 2b for compari-
son. The effect of wall jetting is most severe for the
over-tailored condition as driver gas arrives at the
end-plate the earliest, but the overall shape of the
contact surface remains largely undistorted. On the
other hand. the effect of reflected shock/boundary
layer interaction appears to be least severe for the
under-tailored case where wall jetting is too weak
to transport the driver gas towards the end-plate.
However. the vortex-generated flow strongly dis-
torts the contact surface near the center-line and
builds up a large protruded region of driver gas that
flows towards the end-plate.

The present results therefore indicate that re-
flected shock/boundary layer interaction does not
necessarily play the major role in the driver gas con-
tamination process as the driver gas may be trans-
ported towards the end-plate by other means. The
nature of the vortex dynamics produced also ap-
peared not to favor driver gas lcakage by purely the
mechanism of wall jetting alone. This points out the
need to examine other mechanisms. such as insta-
bilities and mixing in the contact region, in causing
driver gas contamination in experiments where the
lost of testing time had been observed to be more
severe,

Besides the contamination by “cold™ wall fluid
and driver gas. Fig. 3 shows that the pressure at
the center of the shock-tube end plate becomes quite
nonsteady with a large pressure peak occurring near
80 stsec for both the tailored and off-tailored cases.
The quality of the freestream flow would then be
affected if the gas is allowed to discharge through a
nozzle at the end of the shock tunnel.

3.3 Effect of Nozzle Flow

As an initial effort to include the effect of noz-
zle flow at the end of the shock tube, a calculation
is performed assuming the nozzle to be an effective
“sink™ with choked flow. The nozzle throat diame-
ter is taken to be 10 mm. The exhaust flow takes ef-
fect as soon as the shock has arrived at the end-plate

and is assumed to be choked based on the condition
in the center-line immediately upstream of the end-
plate. Although the present analysis may be overly
crude for describing the actual shock/nozzle flow
interaction, it should provide a qualitative picture
of how the driver gas may exhaust into the noz-
zle. Figure 4 shows the sequence of contour plots
of temperature and driver gas mass fraction for the
tailored condition as the driver gas is transported
towards the nozzle. The early events of reflected
shock/boundary layer interaction is quite similar to
the case without the nozzle, although the vortex at
the corner of the end-plate appears to be larger with
nozzle flow (c.f. Fig. 1). From 80 ysec. the volume
of driver gas leakage at the end-plate appears to
be entrained into a vortex closed to the end-plate,
with a stagnation point dividing the vortex and the
exhaust flow slightly upstream of the nozzle on the
center-line. Because of this, only part of leakage gas
is exhausted into the nozzle with the rest being re-
circulated in the shock tube (100 psec). The time
of arrival of driver gas at the nozzle is at 90 usec
and is not significantly different from the closed-end
case. A set of off-tailored conditions has also been
recalculated with the nozzle flow. and the results are
again quite close to those for the closed-end condi-
tions presented in Fig. 2.

3.4 Loss of Test Time

The arrival time of the driver gas at the end plate
is summarized in Table 1 for the tailored condi-
tion. Also included in the table are the values cal-
culated using the analytical approximation of Davis
& Wilson?, based on the mechanism of wall jetting.
and the “ideal” drainage time for reference. The
drainage time is the time required to drain the test
gas with consideration of mass loss due to boundary
layer effects prior to shock reflection. The approx-
imation of Davies obtained a value on the conver-
sative side and can be a useful tool for predicting
test time in actual tunnel operations if the effect of
wall jetting is dominant. However. as wall jetting
may not always be the cause of driver-gas contam-
ination, as illustrated earlier in the under-tailored
condition, the formulation may not always be ad-
equate. In any case. the premature arrival of the
driver gas can significantly reduce test time. For
the shock tunnel considered in the present study.
the arrival time of driver gas is less than 30% of the
drainage time.

4. Concluding Remarks

The interaction of reflected shock with a turbu-
lent boundary layer has been analyzed numerically
to assess its contribution to driver gas contamina-
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tion. The results illustrated that the contamina-
tion of test gas can be manifested in at least two
ways—the transport of low-temperature boundary
layer fluid as well as driver gas leakage. While the
results demonstrated that wall jetting is an impor-
tant mechanism to cause contamination of the test
gas. it may not necessarily be the dominating one.
In particular, the mechanism for contamination is
quite dependent on the tunnel operating condition
with under-tailoring appeared to be affected more
by the distortion of the contact surface rather than
by wall jetting. It is thus necessary to consider
other mechanisms, such as contact surface instabil-
ities and mixing subsequent to diaphragm rupture,
before a more precise understanding of driver gas
contamination can be achieved.
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Table 1: Time of arrival of driver gas at the end wall.

Time after shock reflection (gsec)

Closed-off end wall 95
With nozzle 90
Analytical approx. by Davies 62
“Ideal” drainage time @ 226

o+
t4rainage = 4{4—‘.",:—“5 (Jj—l) 2= A = mass of test slug, a = sound speed, and A* = nozzle throat area. Subscript 5

denotes the condition behind the reflected shock.

(a) Temperature

(1) Driver gas mass fraction

Figure 1: Temperature and driver-gas contours after shock reflection.
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Figure 2: Effect of tunnel operating condition on driver gas contamination at £ = 100 ysec: (a} Under-
tailored. (b) tailored. and (c) over-tailored condition.
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Figure 3: Pressure (p/p;) history at the center of the shock-tube end plate.

(a) Temperature {b) Driver gas mass fraction

Figure 4: Effect of nozzle flow on driver gas transport. Af; = 10. tailored interface condition.
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HIGH ENTHALPY FLOW COMPUTATION AND EXPERIMENT

AROUND THE

SIMPLE BODIES

A HANAMITSU T.KISHIMOTO
Kawasaki Heavy Industries, Ltd.

H.

and
BITO

National Space Development Agency of Japan

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.

qc/qo-a

q,/9, 4

12 . e
[ O Run 001
B A Run 002
1 O Run011 1
\ dosed : HEG Parmenent Probe
open : KHI Schere Model
0-8 /
[ 14
06 cos'? g \'\
04 | \\m
[ | Flow
02 Hc=>
! @
0 FO N j
0 30 2 4] 90
8 (deg)
(@) Angle of Attack 0"
1.2 [ Flow W
1 r ﬁ/ § 20" adapter]
N
08 F- 14
! cos 'S¢ ﬁ
06 | \
\ ¢
0.4 H O RunO14 2]
A Run017
O Run 020
02 | © Run022
I | dosed : HEG Parmanent Probe 4
| | open : KHi Sphere Model
0 ! di i \*
-30 0 30 60 90
6 (deg)

(b) Angle of Attack 20°

13

Fig.6 Heat Transfer Distribution along the Sphere
Model in Condition B

q(MW/m2)

Fig.7 Comparison of Experiment with CFD

16 H H H H
B —— CFD{Perfect gas)
Q... L3 - = - - CFD{Equilibriumgas)

" O Experiment
Y
12 F~ *
\
\\ \“
8 X%
-
R
\‘?
A
»

4 \\\

o
0 30 60 %0

8 (deg)

in Condition A
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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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THE RESULT OF AN ANALYSIS OF AEROTHERMO- AND AERODYNAMICS OF OREX
NWEBRAEBROZENZR UENMBBRFTER

Takayuki Shimoda ; National Space Development Agency of Japan
Takashi Matsuzaki ; National Aerospace Laboratory

TEHEE (FERRFRE)
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ABSTRACT
We are going to perform three experiments preceding to the development of HOPE. We performed
OREX taking the opportunity of H- I TF#1 on Feb.4,1994. We report a result of one of the main
purpose of OREX, acquisition of fundamental data of aerothermo- and aerodynamics during re-entry.
As to aerothermodynamics, we evaluated comparison between wind tunnel test data and values estimated
from Fay&Riddell method before a flight experiment, After the experiment, we estimated heating rate
induced from flight orbit using Fay&Riddell method validated before. And we calculated a temperature at
the stagnation point using thermal-analysis model, then we compared the value with flight data.
As to aerodynamics, we compared flight pressure data with estimated value.

Analysis of aerothermodynamics
Analysis before flight-hypersonic wind tunnel test

We conducted a hypersonic wind tunnel test of OREX
June 1991. At this time, we used phasechange paint to
measure aerodynamic heating rate. We calculated the
heating rate using the phasechange speed. We estimated
acrodynamic heating rate using Fay&Riddell equation
assuming perfect gas, while conducting wind tunnel.

The comparison between this estimation and wind
tunnel test result is shown in Fig.l. This shows that the
value of wind tunnel test is 30% larger than the
Fay&Riddell estimation. Then, to compare these data more
correctly we chose the value that we directly measured
instead of catalogue value ns maerial property of wind
tunnel model. Measured values are shown in Table 1. And
comparison using measured values is also shown in Fig.1.

Finally we get the result as follows. The aerodynamic
heating rate obtained in wind tunnel test is 10% larger than
the estimation by Fay&Riddell equation. So. we took an
10% value of Fay&Riddell estimation as an error for
designing OREX vehicle. But actually we took a large
margin taking 3¢ distribution because this is the first
re-entry experiment .

“The result of flight experiment
estimation of thermal conductivity

Thermal contact resistance at thermocouple is an
important factor to estimate aerodvnamic heating rate from
the result of flight. So we performed thermal analysis to
estimate thermal contact resistance between C/C material
and thermocouple.

First. we performed heating test of a test piece similar

to the part of C/C Nose Cap where the thermocouple is
attached. The test piece is made with the same condition
with C/C Nose Cap, using the same material, being treated
under the same condition and the same thickness and so
on. The outline of the test piece is shown in Fig.2. Using
this test piece., we performed heating test in a vacuumed
chamber. The outline of the heating test is shown in Fig.3.
The result of the heating tests are shown in Table 2-3.
Table 2 shows the relation between heating rate and
measured temperature, and Table 3 shows the temperatures
at various points of the test piece.

Next, we estimated thermal contact resistance between
C/C material and thermocouple using the data of heating
test of test pieces. At this analysis. we used an analysis
model shown in Fig.4. We considered thermal conductivity
between C/C material and thermocouple. and emissivity
and thermal conductivity from the surface. We analyvzed
three cases. Table 4 shows thermal property we used. and
Table 5 shows the cases of analysis. The way of analysis is
that we varied the value of thermal contact resistance as a
parameter and identified when the analyzed temperature at
the thermocoupple agreed with the measured temperature
in the heating test. The result of identification of thermal
contact resistance is also shown in Table 5.

Estimation of aerodynamic heating rate by analysis model
of C/C Nose Cap

We estimated the temperature at the thermocouple of
C/C Nose Cap using the thermal contact resistance in
Table 5 and the aerodynamic heating rate induced by the
best estimated real flight path and Fav&Riddell equation.
And we compared the value with the data gained from
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flight experiment.

The analysis model is shown in Fig.6. It is a 3-D and
1/36 peel part model of full C/C Nose Cap. We considered
thermal  conductivity between C/C material and
thermocouple, and emissivity and thermal conductivity
from the surface. Analysis conditions are as follows:

Heating condition :

We use heating rate distribution obtained by Lees
equation. And we use the value obtained by
Fay&Riddell equation along the best estimated real flight
path as the value of heating rate at the stagnation point,
and we deal this value as Q.

Side temp. of test piece :

adiabatic considering symmetry.

Emission inside :

We took the temperature of inside insulation as that of
emission inside.

Emission of Nose cap :

Emission outside is & ., and inside is & ;.
values on the ground are both 0.84.

Thermal contact resistance :

We used Table 5, and represented by R.

Initial condition : Initial temperature is 20 degrec.
Material property : We used Table 4.

Analysis time : 7284-7540 sec. after lift-off.

On these conditions we analyzed in several cases. The
cases we analyzed are shown in Table 6. The analysis
result of each case is shown in Fig.7-13.

Case1:(Fig.7)

This is a nominal case, using the gained data directly.
Emission is the value measured on the ground test. but it
may not be an absolutely real data, because the way of
measuring is not established yet. This may be why
analyzed value is lower than the measured value at the top
of temperature. Analyzed value increases around 7420 sec.
This may be why the thermal contact resistance is too
large at low temperature. At higher temperature, we use the
value induced from a paper as thermal contact resistance,
so both values are close. The peaks of both temperature
almost agree.

Case2:(Fig.8)

We analyzed the effect of variation of emission. Emission
may vary at high temperature, so we analyzed taking 0.7
instead of 0.84 as emission. The result is that the peak
temperatures of analyzed and measured value almost agree.
Case3:(Fig.9)

We noticed a large inclination at lower temperature at case
1. 2. So assuming that the thermal contact resistance at
lower temperature we gained on the ground test before is
too large. we analyzed taking 1/2 value of thermal contact

Measured

resistance gained on the ground test. The result is that the
analyzed value comes close to the measured value.
Case4:(Fig.10)

Furthermore, we analyzed taking 1/10 value of thermal
contact resistance. The result is that the analyzed value
almost agreed with measured onc. From this result, we can
estimate thermal contact resistance to be 1/10 of the one
gained on the ground test. This is also reinforced by the
value reported on the paper.

Case5:(Fig.11)

In this flight we could not get the whole temperature data
at the thermocouple on the insulation. We got only half a
data at this point, so we have some doubt about reliability
of this data. For this reason, we assumed emission inside
C/C Nose Cap is zero to get the data of heat conduction
into insulation. The result is that trend of temperature
variation is the same as that of case 1, but the peak of
temperature is higher because heat doesn’t run away.
Case6:(Fig.12) ,

Because of the doubt of the reliability of the data at
thermocouple on the insulation, we analyzed taking the
temperature data below the insulation instead of that on the
insulation. In this time we also took insulation into
consideration as analysis model. And we took 1/10 value
of thermal contact resistance. The result is that the trend of
curving of both value almost agree, and the peak of
analyzed temperature is a little higher.

Case7:(Fig.13)

On the base of Case 6, we analyzed taking the 88% value
of aerodynamic heating rate estimated by Fay&Riddell
equation to conform the peak temperaturc of analyzed
value to that of measured one. The result is that analyzed
vatue and measured value almost agree.

From these result of analysis of Orbital Re-entry
Experiment, we could get the following conclusions.
1.We can estimate the aerodynamic heating rate of OREX
to be 88% of the value obtained from Fay&Riddell
equation.
2.1t appeared that error of emission and estimation error of
heat movement inside C/C Nose Cap effected the
estimation of aerodynamic heating rate very much.
3.We can estimate the value of thermal contact resistance
to be 1/10 of that induced on the ground test.

But the value of thermal contact resistance is effected
greatly by the way of attachment of thermocouple. and
some papers reported that it varied in the range of 10 *.
Then this value is so important that we should accumulate
a lot of test data to estimate aerodyvnamic heating rate
correctly.
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Evaluation of estimation method of heating rate
Evaluation of time history of heating rate

We evaluate time history of the estimated heating rate
by various estimation methods along the best estimated
flight path and that of heating rate identified from flight
data. We evaluated such methods as:
1.Fay&Riddell equation : assuming perfect gas (being used
in the chapter before)
2.Fay&Riddell equation : assuming equilibrium flow
3.Detra, Kemp & Riddell equation

The comparison between heating rate by each method
and that from flight data is shown in Fig.14. It shows
nominal value and we should evaluate considering
estimation error. All the same, we can understand the value
by Fay&Riddell equation assuming equilibrium flow is the
closest to flight data. This may be because Fay&Riddell
equation is defined assuming equilibrium gas. In this case,
we use the standard atmosphere as the data of density, so
we should also consider the effect of using real atmosphere
data.

Evaluation of distribution of aerodynamic heating rate

We adopted Lees distribution as acrodynamic heating
rate distribution of OREX for designing. Fig.15 shows
heating rate distribution estimated by Lees distribution used
for designing the vehicle, the result of CFD assuming
perfect gas and non-equilibrium, and flight data at some
points. We can see such trend in Lees distribution as
decrease of heating rate at the edge of nose cap and
re-increase at the first line of tiles. We have also obtained
this trend by CFD, so designing using Lees distribution can
be valid. And we should consider such factors to estimate
heating rate below the first line of tiles as:
1.production of non-equilibrium flow below the stagnation
point
2.difference of material property of ceramic tiles based on

" the deference of tile maker.

3.error of measurement and identification

Analysis of aerodynamics

The outline of pressure sensor

We compared the flight results of two pressure
sensors (sensor for middle altitude and one for high
altitude) on the OREX with the estimation by various
ways. Fig.16 shows the outline of pressure sensors and
installation. Middle altitude sensor can measure the altitude
40km-85km, and measurement error is 1114.3Pa. High
pressure sensor is used for measuring faint pressure at over
75 km altitude.

Flight result of middle altitude pressure
Analysis condition

We analyzed along the best estimated real flight path,
and used 1976U.S.Standard Atmosphere Model. We show
this model in Table 7.

Estimation of pressure value

We calculated pressure value at the height of 40, 5L.1.
60, 65, 70km with the condition of Table 7 and by such
ways as below;
1.Newton method
2.VSL equation;
Assumig non-catalysis and emission of 0.8, we analvzed
the cases of ideal gas and non-equilibrium gas.
3.CFD by NS-equation:
Assuming ideal gas at 51.1km altitude

Comparison between flight data and estimated value

We compared flight data of middle altitude pressure
sensor with some values estimated by each method above.
Fig.17 shows the comparison between flight data and
estimated values. We can say each estimated value is
almost the same value, but flight data is about 800Pa
higher than estimation. This can be within the error of
sensor which is 1114Pa, and this may be because of the
error of standard atmosphere. The data of high altitude
sensor is also shown in the figure and it is connected with
the data of middle altitude smoothly.

As reference, fig.18 shows comparison between flight
data and estimated value which used the atmospheric data
1km below the flight data. In this case, flight data and
estimation agree very well. Fig.19 shows surface pressure
distribution at the height of 51.1 and 70km. and Fig.20
used the data 1km below the flight data for estimation.

Conclusion

For aerothermodynamics, heating rate of 88% value
estimated by Fay&Riddell agreed with the flight data very
well. But we used 1/10 value of thermal contact resistance
obtained on the ground test. so it is verv important to get a
comrect value of such value as thermal contact resistance.
material property and so on.

For aerodynamics. estimation of several method
almost agreed with flight data. But it is important to use
real atmospheric data to get a precise estimation.
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Table 1. Comparison of Material Property

Cataloge (D [Measurement @ |~
0 (g/lcm ) 2.1 2.3 )
p (callg K) 0.3 0.261 0.870
K_(calem's'K)[33 X 10 [ 272 X 10 0.824 |
____Table 2. Measurement of heating rate
Voltage emp.( °C ) heating rate(W/cm °)
30 338.2 0.27
50 479.3 1.88
115 721.1 7.66
Table 3. Measure _d temperature s
g_rate |0.27(W/ecm *) [1.82(W/em *) |7.38(W/cm ©)
poin
#1 3317 4753 7201
#2 3396 480.6 723.2
#3 336.8 478.0 718.9
#4 3323 474.5 719.4
#5 3217 461.2 700.6
#6 3254 465.9 708.0
#7 2725 399.6 623.7
#8 72.7 106.7 173.9
Table 4. Thermal Property
Representa Densiy Specitic He | lermal ConductiviEmIss |
tive Temp. |[(g/ cm®)|at(calig °C) lity(cal/ cm 's-°C) livity
C/C composit RT 0.159 0.2187
(longitudinal) 500 1.50 0.371 0 3645
1000 0.434 0.3749
1500 0.544 0.4680 0.84
C/C composit RT 0.159 0.0486
(transverse) 500 1.50 0.371 0.0810
1000 0.434 0.0833
1500 0.544 0.1040
Temp.sensor RT 13.31 0.11 0.0922 -
Adhesive RT 35 0.7169 0.00257 -
Insulation 330 0.74
470 - - - 0.73
700 0.70
Table 5. Cae of Analysis
Measured sunace | "Tﬁ"erm'xl'a 'Co'n'fa&'R‘"esus
case [Temp.(°C) tance (m? -hr- °C /kcal)
casel 340 0.0842
casel 481 0.0751
[cased 723 . 0.0370
Table 6. Analysis cases about aerothermodynamics ‘
Case No. Heating Rate| £ cl ¢ {_[thermal con!act'resL'astanc"' Tnside temp.
(@) 0.84[0.84 1R Oulside
2 0.7 10.7 |R Outside
(3 0.8410.84 R X 05 Oulside
4 Q 0.84]0.84[R X 01 Outside
5 840 ' [R Outside
(6 Q 0.84]0.84 R X 0.1 Inside
(O] Q X 0.88 0.84 0.84 R X 0.1 Inside
Table 7. 1976 U.S.Standard Atmosphere Model
Time after | Height |M number | Temp. | Pressure Density
Lift Off(s) _(km) _(K) (Pa) (kg/m °)
7445.875 70 23.31 219.585 [5.221 8.283 x 10~
7457.875 65 20.98 233.292 [1.093 X 10']1.632 X 10~
7470.675 60 17.84 247.02 [2.196 X 107]3.097 x 10 -
7493.875 511 | 11.10 27065 [7.046 X 107{9.069 x 10 ~¢
7526.675 | 40 411 250.35 12.871 x 107%/4.000 x 10 ~°
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General

Fig.5 ANALYSIS MODEL OF C/C NOSE CAP
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Fig.6 Heating rate estimated by Fay&Riddell

Thic dociiment i nrovided hv TAXA



BIEMZERGTRZE S NF S v K U9 LR

IANALYSLS CASE |
Measvied HEATING RATE :Q
5 EMISSION OUT B =084
U K G Sutacethnainis ’ EMISSION IN ¢ feoma
- v~ ] THERMAL CONTACT RESISTANCE : R N
[5) 1400 g |INSIDE TEMPERATURE : OUTSIDE INSULATI
4 L
S 1200 |
[}
E t
& 1000 [
800 |
600 |
400 -
&
200 | b/ foe
0 Luads, m@ 9 LA...TA...l P T T
7200 7250 7300 7350 7400 7450 7500 7550 7600
Fig.7 Nominal Case Time (Sec)
ANALYSIS CASE 2
HEATING RATE :Q
—  Measwed EMISSION OUT HEN 1]}
[} C/XC Cap Swelace{Analysis) EMISSION IN HESLT b
[ ] Al thermo - couple{Analysis) THERMAL CONTACT RESISTANCE : R
pry ST TR INSIDE TEMPERATURE : OUTSIDE INSULATION
© 1400 g
o 4
€ 200 b -]
g 3
2 1000 f---- .
s ]
800 f
600 f -
400 |
200 |— -
0 P A e B
7200 7250 7300 7350 7400 7450 7500 7550 7600
Fig.8 Effect of Emission Time (Sec)
Measured ANALYSIS CASE 3
X EATING RATE :0
!.x Tﬁ:.fi‘:ﬂ.m A:llyait) EWISSION OuT IR
SSION IN e
""""" Al theimo - couple(Analysis) S:;ainl CONTACT RESISTANCE : R = 0§
5 1400 F—3— INSIDE TEMPERATURE : OUTSIDE INSULATION
g Lz
& 1200 fi;;‘qu
= ]
€ 1000 =b \‘!\ ]
2 1 G La@ ]
800 | # ]
: & ]
600 F of ]
[ e ]
400 ' .
[ Kg ‘ ]
200 : Q .io, ]
O:AL; .‘_,10.““,.‘1..."““ i .“:
7200 7250 7390 7350 7400 7450 7500 7550 7600
Fig.9 Effect of Thermal Contact Resistance #1 Time (Sec)

Measured

ANALYSIS CASE 4
C/C Cap Switace{Anatyse(Analysis) HEATING RATE :Q
Al thermo - coupie{R/10 Afvdrxul E£MISSION OUT it cm084
Al thesmo - couple{Analysis) ) EMISSION N ce im0l
Al thermo - couple{R/2 Analysis) THERMAL CONTACT RESISTANCE: R x 0.1
S 1400 INSIDE TEMPERATURE . OUTSIDE INSULATION
o [
(3 [
2 1200 -
cei L
¢ 1000 |
- F
b
800 | -—
600 Lo —fm-
400 F——
200 foeeie ofo-

obiaad. @ i S
7200 7250 7300 7350 7400 7450 7500 7550 7600

Time (Sec)
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Fig.11 Effect of Emission inside C/C Nose Cap
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Recent Comparisons of Aerothermodynamic Results by CFD and FEM
Coupling Analysis with OREX Flight Experiments

by

Yukimitsu Yamamoto
National Aerospace Laboratory,Japan

ABSTRACT

Accuracy of CFD is investigated by comparing numerical results with the measured flight temperature data on the
TPS material of OREX. Flow is caluculated by the non-equilibrium Navier-Stokes code and internal thermal response
is computed by FEM. Coupling CFD and FEM along the OREX flight trajectry, temperature increase of the TPS
during re-entry is favorably predicted. In FEM analysis, the effects of temperature and directional dependence of heat
conduction coefficient and radiation effects of TPS material are evaluated. These works have been done as the joint

research of NAL and NASDA

1. Introduction

For the development of space transportation vehi-
cles, it is required to predict accurately their aerother-
modynamic environments during re-entry, espeacially
in high temperature hypersonic flight regime. OREX
(Orbital Reentry Experiments) is the first flight ex-
periments planned as a part of the HOPE (H-II Or-
biting Plane) projects. OREX was launched by the
H-II rocket on February 4, 1994, from Tanegashima
Space Center of Japan. The flight experiments were
sucessfully conducted as almost planned and various
kinds of flight data, concerning to aerothermal envi-
ronment, were aquired’). On these experiments, one
of the most important purposes is the evaluation of
aerothermodynamic heating, which has a large effects
on TPS design of re-entry vehicles.

However, in the hypersonic re-entry flight condition,
dessociations and ionization of the air are caused due
to high temperature environments and real gas effects
must be considered in the analysis of aerothermody-
namic heating. On the other hands, advanced CFD
(Computational Fluid Dinamics) has now potential to
simulate such real flow and become a powerful tool
for the aerothmal predictions.?) In our study, based
on the OREX flight trajectry data, temperature re-
sponse of OREX TPS material are analyzed by the
non-equilibrium Navier-Stokes CFD code and internal
thermal response is computed by FEM.

Data exchange of surface temperature and heat
transfer is made alternatively, every 10 seconds along
the OREX flight trajectory. Caluculated temperature
increase is compared with the mearured flight temper-
ature on the TPS material, such as C/C nose, C/C
TPS and ceramic tiles. The purpose of our study are
1) to analyze OREX TPS flight temperature hisory,
2) to well understand the aerothemodynamic environ-
ment and the coupled flow thermal-structural interac-
tions, and 3) to investigate the applicability the real
gas CFD code as the tool for the evaluation aerother-
modynamic heating.

2. Numerical Algorithm

Basic equations used in the present analysis, are
Navier-Stokes equations with thin layer assumption.
The differencing is based on the upwind TVD flux-
split method.?) Real gas effects are evalueted by us-
ing 7 species chemically non-equilibrium one temper-
ature model. In the present, preliminaly analysis,
uncertainty of the real gas modeling must be elimi-
nated, and the heat transfer dose not change between
one (chemically non-equilibrium) and two (thermo-
chemically non-equilibrium) temperature models. So,
the aerothermal analysis are made by one temperature
real gas CFD code. Detailed description of numerical
algorithm is presented in Ref.2. As the boundary con-
ditions, non-catalytic wall surface is assumed and wall
temperature is given by FEM analysis at each trajec-
tory points.

In the present study, internal temperature increase
is calculated by FEM, using heat transfer distributions
on the surface. In FEM analysis, the effects of temper-
ature and differential directional dependence of heat
conduction coefficients of each TPS materials are con-
sidered and radiation effects of each TPS materials are
also evaluated.

3. Numerical Results

OREX geometry is shown in Fig.1 with the detailed
dimensions. The forebody shape is composed of a
spherical nose, cone and a circular shoulder. OREX
weight is 760 kg just befor the re-entry. Table 1 indi-
cates OREX re-entry flight trajectory focused on the
present study. This table shows the flow data and
C/C nose cap stagnation point temperature history at
evey ten seconds. The altitude changes from 105Km to
48Km and Mach number from 27.0 to 9.1. At each tra-
jectory points in the table, flow is computed by using
the chemicalhy non-eguilibrium Navier-Stokes code.
Computational mesh consists of 41 points distributed
streamwise along the body and 60 points between the
body and outside of the bow shock wave.
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Figure 2 shows thermo-couple locations for tempera-
ture measurements, where comparison with numerical
predictions aré made. Fig 2(a) indicates the measure-
ment points just behind C/C nose cap.- Temperature
are measured at the center of C/C nose cap (Termo-
couple No. TH1) and at the § = 20 deg points (TH2,
TH3, TH4) from the axis. At the right hand side of the
figure, outline of OREX structure system is drawn. It
is noticed that heat shield plate is set behind the C/C

nose cap in order to protect thermal radiation from the -

internal nose. For the C/C TPS panels, circumferen-
tially different three measurement points (TH7, THS,
TH9) are set, as shown in Fig.2(b). In the left of the
fingure, temperature history of three thermo-couples
are plotted. On the ceramic tile, three point (TH22,
TH23, TH24) data in Fig 2(c) are used for compar-
isons. In this case, thermo-couples are embedded in
the ceramic tile surface. The depth of measurement
center from the surface is about 1.5 mm. Also, in the
left side of Fig 2(c), temperature history is plotted.
It i1s known that maximum temperature reachs about
1600°C.

In Fig.3, a series of temperature contours are shown

at trajectory points listed in Table 1. We use chem-

ically non-equilibrium one temperatute code for flow
analysis. So, translational and rotational temperature
are plotted in the figure. About the altitude of 90 km,
it is noticed that the rarefaction effects are conspicu-
ous and shock stand off distance becomes large with
the increase of the altitude. Maximum temperature
reaches more than 20000 K in high altitudes flight,
where high temperature region beyond 12000 K is also
large. With the decrease of the altitude, this high tem-
perature area disappears and maximum temperature
in the shock layer drops gradually.

In Fig.4, FEM grids of TPS material are shown.
Grids are drawn in a enlarged form to the inner di-
rection. OREX TPS are composed of 4mm thick C/C
nose cap, 1.5mm thick C/C TPS and 20mm thick ce-
ramic tiles. Thermal properties of each TPS are pre-
sented in Table 2. In the present FEM analysis, the
effects of temperature and differential directional de-
pendence of heat conduction coefficient of TPS mate-
rials are considered. Also, radiation effects ( emissivity
of 0.84 on the OREX C/C materials and 0.8 on the ce-
ramic tile )are evaluated. Intenal radiation is assumed
to be zero for the C/C nose cap region, because heat
sheald after the nose cap protects the inner radiation.
For the other TPS material surface, emissivity of in-
ternal radiation is assumed to be 0.7.

CFD-FEM coupling analysis are made along the
OREX trajectory every 10 seconds. Computational
procedure are as follows. '

(1) At the flight time of 7361.0sec and an altitude of
105Km, flowfield is calcutated using free stream con-
ditions of Table 1. Wall temperature distribution is
given by the constant value of temperature of 332 K
on the whole surface. This assumption is considered to

be valid, because on the C/C nose cap temperatures at
TH1,2,3 and 4 is almost the same level at 332 K and,
on the other area, temperature is almost constant at
302 K. On the ceramic tiles, temperature increases in
short time and reach to radiation equilibrium state,
so, initial temperature difference on ceramic tiles may
be ignored.

(2) From the flow calculations, heat transfer distri-

~ butions are determined and surface temperature after

10 seconds is computed by FEM analysis.

(3) Based on the freestream conditions after the 10
seconds and the wall temperature distributions ob-
tained by step(2), flow fields are calculated by CFD

‘code and heat transfer dlstnbut:ons are comput.ed at

the new altitude.

These procedures are done alternatively and tem-
peratude increase of TPS materials is evaluated at
each altitude in order.

In Fig.5, temperature increase of OREX TPS mate-
rial is depicted at each OREX trajectory points. Tem-
perature increase is rapid on the ceramic tile surface
due to low conductivity coefficient. However, maxi-
mum temperature is caused at an altitude of 56 km
on the C/C nose cap stagnation point. At the innner
point of C/C nose cap temperature is about 3 deg
below than the outer surface. On the inner ceramic
surface, remarkable increase of temperature are not
observed. v

Figure 6 shows the change of heat transfer distribu-
tions along the OREX trajectory. It is shown that
maximum heating is produced at an altitude of 60
km, where stagnation point heating reaches to 0.383
MW/m?. Also in the figure, local peak heating is gen-
erated at the shoulder due to the local flow acceler-
ation. Figure 7 is the surface temperature distribu-
tions at OREX trajectory points. In the early stage
of OREX re-entry, temperature on the .ceramic tile in-
creases rapidly and may reach to local radiation equi-
librium state. Maximum tolerable temperature of C/C
and ceramic TPS are 2000°C and 1400°C, respectively..

Fig.8 shows the comparison between measured tem-
perature history and CFD-FEM coupling results at
C/C nose cap stagnation point. Measured maxinum
temperature reaches about 1570 K, whereas numerical
prediction represents almost the same temperature. In
our analysis, emissivity of 0.84 and non catalytic sur-
face conditions are assumed. In Fig.9, similar compar-
ison of temperature history are shown at § = 20 deg
point of C/C nose cap. Numerical maxinum tempera-
ture is about the same as the measurements. -

In flight analysis, aerothermodynamic heating is.al-
ternatively estimated by decoupling the flow analysis.
In this method, only FEM is used by assuming more
complete thermo structual models. The result of stag-
nation point heating about 1.2 times higher than the
CFD-FEM coupling results. - The difference may orig-
inate in the surface catalycity of C/C nose cap. ,

Comparison of the C/C TPS temperature is pre-
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sented in Fig.10. Measured temperature becomes
maxinum about 1000°C for all three mesurement
points. In this case, numerical reults predict almost
the same value as the experiments.

Figure 11 shows the comparison of ceramic tile sur-
face temperature. Measured temperature has the max-
inum peak of about 1000°C at the TH23 point and
temperature at TH22, and TH24 points follows. In
this case, comparison is made at 1.5 mm lower points
than surface, corresponding to the thermo-couple cen-
ter locations. Numerical prediction shows almost sim-
ilar temperature. However, in the numerical analysis,
the maximum temperature appears at slightly lower
altitude.

Finaly, comparison of stagnation point heating on
the C/C nose cap are shown in Fig.12, where the
maximum heating by CFD-FEM coupling analysis are
slightly lower than the flight data analysis!) and the
location of peak heating are shifted to lower altitude.
Also, in the figure, prediction by Fay and Riddell’s
theory and Detra, Kemp and Riddell’s calculations are
plotted. It is noticed that analytical predictions over-
estimate the stagnation point heating.

Conclusions

OREX TPS temperature history is analyzed
by CFD-FEM coupling analysis. In our study,
the approach by one-temperature chemically non-
equilibrium flow model is adopted. In this preliminary
studies, the applicability of one-temperature real gas
CFD code are investigated in detail and its accuracy is
evaluated. Numerical results favorably predict the be-
haivior of temperature increase of each TPS material
during OREX re-entry. On the C/C nose cap, cal-
culated maximum temperature at each measurement
points coincide with the flight experiment. However,
maximum stagnation point heating predicted by flight
analysis!) differs from the value obtained by CFD-
FEM coupling mathods. This may be due to the dif-
ferent treatments of internal thermal structure anal-
ysis and the surface catalycity. In the real enviro-
ments, heat sheald effects after the nose cap, etc, have
to be introduced in our CFD-FEM analysis. On the
other C/C TPS and ceramic tiles, good agreements are
also obtained in maximum temperature predictions,
although slight time difference of peak appearence ex-
ists. In OREX flight experiment, atomospheric data
is not gathered, so, the accuracy of standard atomo-
sphere model used in the present CFD computations
must be also investigated by using the other available
flight experimental data such as pressure coefficients.
In addition, the study of the sensitivity of thermal
properties and catalytic surface effects must be made.
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Numerical Simulations of Shock Wave Induced Unsteady
Aerodynamic Heating Phenomena
with Chemical Nonequilibrium

Shigeru ASO, Toshiteru MITOMO
‘Department of Aeronautics and Astronautics., Kyushu University
Hakozaki 6-10-1,Higasiku, Fukuoka 812, JAPAN
tel:81-92-641-1101 fax:81-92-651-5863 e-mail:aso@aero.kyushu-u.ac.jp

Toshi FUJIWARA
Department of Aeronautics, Nagoya University, Nagoya, JAPAN

Masanori HAYASHI
Department of Mechanical Engineering; Nishinippon Institute of Technology, Fukuoka,
JAPAN

Abstract

In the present study the full two-dimensional Navier-Stokes equations are solved in order to
investigate unsteady aerodynamic heating phenomena induced by the shock impingement on a
ramp surface. The effects of chemical reactions to aerodynamic heating are investigated. The
results show the effects of chemical reactions to shock induced aerodynamic heating phenomena
are quite significant at high temperature.

1. Introduction

Recently high speed winged vehicles have been studied. One of the most important problems
for designs of such vehicles is the severe aerodynamic heating and pressure rise caused by the
impingement of shock waves on the surfaces. Especially the unsteady aerodynamic heating
caused by shock wave reflections at a higher shock Mach number has been investigated and the
peak heating due to a Mach stem and the second peak heating due to a slip layer have been
observed by the present authors!). .

In the present study the full two-dimensional Navier-Stokes equations are solved in order to
investigate unsteady aerodynamic heating phenomena induced by the shock impingement on a
ramp surface. When the shock is much strong, nonequilibrium chemical reactions are occurred
in the flows. The effects of chemical reactions to aerodynamic heating are investigated and the
results are compared with experiments and calculated results without reactions.

2. Numerical Methods

In the numerical caluculations nonequilibrium chemically reacting flows are considered. The
governing equations are two-dimensional full Navier-Stokes equations. Two-dimensional full
Navier-Stokes equations in conservation form is as follows:

oU OB OF
at Oz Oy

where each vector is expressed as follows:

p ou

pu pu2 + P Tax

U= pv yE= PUY — Try
AE+ %) P(E+ % u+ pu— g — ute,,
pci peitt ~ pDir Gt

Thic dociiment i nrovided hv TAXA



FIEMERABERNF > v F I 9 LRXE 41

pv 0
PUY — Tyx 0
F= P+ p—Tyy J=10
o(E + Y;)v+pv—qy—urgz—v'rw 0
i pciv — pDim G5 Wi
Heat conductionterms are expressed as follows:

qx'—kﬂ“'z Dzm hn Qy:k +zpDcm

For chemical reactions of oxygen gas the 6 elementary reactlons are assumed.

Forward rate constant, k7, and backward rate constant, ks, are obtained from Arrhenius
equation as follows:

C

ky = A;TPreF, ky= AP~ |
For convective terms a Harten and Yee’s upwind TVD scheme is used and for viscous
terms a conventional central difference is used. For boundary conditions non-slip conditions are
applied for the ramp surface and zero derivatives along freestream are assumed at incoming and
downstream boundaries. Since in the flows with nonequilibrium chemical reactions the density,
temperature and chemical compositions behind shock are changed along the distance from shock
front, one-dimensional steady Euler equations for nonequilibrium chemically reacting flows are
solved at first in order to obtain the initial conditions for incident shock wave. Also zero physical
derivatives normal to incoming flow are imposed for the upper boundary in order to keep the
incident shock wave normal. For the energy equation a constant wall temperature condition is
assumed. Both fully catalytic wall case and non catalytic wall case are considered. Thermally

equilibrium is assumed.

3. Numerical Results and Discussions

Calculated results of shock reflection processes in air at M,=10.37, §=10°, p,=50 Torr
and To=299.0 K is shown in Fig.1 (a) and (b) with experiments®). At this testing conditions
O, is fully dissociated and N2 gas is slightly dissociated. The calculated results assuming
chemically frozen gas and chemically non-equilibrium gas also show quite good agreements
with experiments. In this flow conditions oxygen gas is fully dissociated and nitrogen is slightly -
dissociated. Since oxygen gas is only 20 % of total gas, total dissociation rate is quite small
and almost no change is observed in the shock patterns and heat flux distribution as shown in
Fig.1(b).

4. Conclusions

In the present study the full two-dimensional Navier-Stokes equations are solved in order
to investigate unsteady aerodynamic heating phenomena induced by the shock impingement
on a ramp surface. When the shock is much strong, chemically and thermally nonequilibrium
reactions are occurred in the flows. The effects of chemical reactions to aerodynamic heating are
investigated. The results show the effects of chemical reactions to shock induced aerodynamic
heating phenomena are quite significant at high temperature.
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On the Interaction between CFD and Hypersonic

Testing
J. Muylaert
ESA, ESTEC, Noordwijk, The Netherlands

Abstract

The paper presents the achievements and chal-
lenges in aerothermodynamics in Europe in the pe-
riod May 1991 to November 1994, which corre-
sponds to the time interval between the First and
Second European Symposia on Aerothermodynam-
ics for Space Vehicles. During this period, the lift-
ing reentry vehicle Hermes, which had set the targets
for European aerothermodynamic developments, was
cancelled and replaced by a programme focused on
ballistic re-entry vehicles: the Atmospheric Reen-
try Demonstrator (ARD), the Crew Transfer Vehicle
(CTV) and an ambitious technology programme to
support these vehicles. Additionally, Europe made a
major investment in ground testing facilities with the
approval for the construction of the Sciroceo high en-
thalpy facility in Italy and a large induction-heated
plasmatron facility in Belgium. Europe also initiated
the Future European Space Transportation Investi-
gation Programme (FESTIP) in October 1994. This
programme has set major aerothermodynamic chal-
lenges: the reentry and descent problems will benefit
from the extensive knowledge base already achieved
from the Hermes programme; the ascent problems
will set new challenges for Europe. Finally, the paper
addresses the aerothermodynamic challenges posed
by planetary entry vehicles for ESA’s scientific satel-
lite programme.

Introduction
In 1987 ESA embarked on a major extension of its

space activities by the adoption of several challenging
reentry vehicles. These were:

o the Hermes spaceplane: a reusable, lifting body,
reentry vehicle;

o the Huygens spacecraft: an aerodynamically
controlled entry vehicle into the Titan atmo-
sphere;

o the Rosetta spacecraft: an aerodynamically con-
trolled Earth reentry vehicle, returning from a
comet rendez-vous and landing mission.

These programmes necessitated the setting up in
August 1988 of a specialist capability in modern
aerothermodynamics in the ESA Technical Direc-
torate located at ESTEC in Noordwijk, The Nether-
lands. This new group at ESTEC rapidly established

itself as a focal point for space vehicle aerothermo-
dynamics in Europe: to coordinate European tech-
nical activities; to prepare and implement a tech-
nology research programme: to stimulate activities
in space vehicle aerothermodynamics. The progress
made by this group, stimulated by the aerothermo-
dynamic challenges posed by the new ESA reentry
programmes, permitted the convening of the First
European Symposium on Aerothermodynamics for
Space Vehicles, which was held at ESTEC in May
1991. Since then, the Huygens programme is near-
ing its completion, with the launch of the spacecraft
scheduled for 1996. The Rosetta mission has been re-
duced in scope to delete its challenging Earth reentry
requirement. The Hermes programme has evolved
into a major programme focussed on ballistic reen-
try vehicles.

Current ESA activities in
Aerothermodynamics
Within the manned space flight and microgravity
programmes the following activities have been ini-
tiated:

o an Atmospheric Reentry Demonstrator vehicle
(ARD), which is guided reentry vehicle of the
Apollo type;

o a crew rescue vehicle (CRV), which is also a
guided vehicle, utilizing the experience to be
gained from the ARD;

¢ an automatic transfer vehicle (ATV), which is a
logistics vehicle for the transport of equipment
and propellant for the International Space Sta-
tion A (ISSA).

¢ a technology programme for basic research and
developments in aerothermodynamics, with em-
phasis on ground based facilities, capsule critical
issues, industrial numerical tool improvements
including validation within workshops, parafoil
technology combined with the creation of an en-
gineering data base.

o the design and construction of an induction
heated plasma facility (plasmatron), at the VKI
Belgium, for the study of gas surface interac-
tions such as catalycity and ablation in a con-
taminant free environment.
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o the approval for the construction of the 70 MW
SCIROCCO arc heated plasma facility at CIRA
in Capua, Italy.

Additionally, ESA has engaged in a Future Euro-
pean Space Transportation Investigation Programme
(FESTIP), to investigate potential fully reusable fu-
ture launchers for Europe and to engage in technol-
ogy developments for such vehicles.

Thus, despite the changes that have been made
to the original ESA programme of reentry vehi-
cles, the programme that has evolved since 1991,
is now greater in scope and offers more challenges
in aerothermodynamics. This has motivated the
convening of the Second European Symposium on
Aerothermodynamics for Space Vehicles, which was
held at ESTEC in November 1994. This paper
presents the achievements and challenges in aerother-
modynamics in Europe since the first symposium
held in May 1991.

Challenges in Aerothermodynamics

Hypersonic testing and use for design

The decision to build 2 new hypersonic facilities
in Europe i.e. the ONERA hot shot F4 and the
DLR Stalker Tube HEG was made during the Her-
mes programme. At that time the major driver for
the construction of these high enthalpy facilities was
the real gas and viscous interaction effects experi-
enced by the Shuttle Orbiter during its maiden reen-
try flight. Apart from the under prediction of the
pitch-up moment as shown in Figure 1, local hot
spots were detected on the fuselage side walls due to
vortex scrubbing, on the windward side due to tran-
sition and on the wing- and vertical stabilizer leading
edges due to shock /shock interactions. Today, ESA
is focusing on low L/D capsule configurations and as
also shown in Figure 1, important unpredicted real
gas effects have occurred during the Apollo reentry.
The figure shows the trim pitching moment error;
preflight prediction compared to flight data for the
Apollo and the Orbiter Shuttle. A ground testing
technology programme was started by ESA to assess
flow quality of the major European hypersonic fa-
cilities, to enlarge their operational envelop, and to
improve their operational utilization:

e the construction of a pilot Stalker tube at the
University of Marseille called the TCM2, for
the study of nozzle-wall boundary layer develop-
ment including transition, for the analysis of dif-
ferent types of stagnation heat flux probes (Fay
and Riddell) including influence of wall catalyc-
ity, and to perform a detailed study of the noz-
zle flow quality where also the the species con-
centrations as well as their vibrational temper-
atures are to be measured;

¢ the development of non intrusive measurement
techniques for F4 and HEG in order to charac-

terize their free stream conditions, in addition to
the classical pitot and heat flux measurements
using classical probes;

o the design and construction of a new static and
high enthalpy probe,

e the testing of a standard model called ELEC-
TRE, and simple axisymmetric configurations
such as the hyperboloid flare to ease the com-
putational rebuilding;

e the development of nonequilibrium Navier
Stokes codes at several national research estab-
lishments and industries for analysis of experi-
mental data and extrapolation to flight, whereby
the experimental and numerical data are to be
compared in a workshop type environment.

The layout of the F4 facility and of the HEG facility
are shown respectively in Figure 2 and 3. Apart from
the activities related to the high enthalpy facilities,
an important effort has been made to improve flow
quality of the classical hypersonic facilities and in
particular the so called R and D facilities which play
a major role in the CFD validation process. Finally
it should be mentioned that an activity was initi-
ated to investigate the influence of variable gamma
effects in the VKI Longshot facility with the aim to
qualitatively simulate real gas effects.

Extrapolation to Flight.

The issue of the extrapolation of ground test re-
sults to flight conditions must be seen in the light
of a general aerodynamic and aerothermodynamic
strategy of progressive building up of confidence in
the design of a space vehicle. This general strategy
consists of a development phase and a qualification
phase. We will not elaborate on the qualification
phase but we will outline possible approaches which
will allow the designer to verify his ability to rebuild
critical points in windtunnels and in flight. Some el-
ements in critical points follow the well known phys-
ical laws so that scaling effects are well identified
but others are not at all evident and require de-
tailed analysis using advanced numerical tools. For a
feasibility demonstration of a spaceplane design not
only the mean probable aerothermodynamic values
are important but more critically the minimum and
maximum values associated with realistic uncertain-
ties. Margins needed to cover uncertainties decrease
with the increase of knowledge and the quantifica-
tion of the phenomena. This is to be done with good
experimental tools including instrumentation, good
modeling of the physics and good numerical analysis
for the computation of the solution of the equations
around vehicles in windtunnels and in flight. The
conventional approach for the evaluation of the mar-
gins used in the past i.e. adding all errors as eval-
uated from experiments and computations leads to
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excessive requirements for the margins and is there-
fore not realistic. The approach to be taken is a
progressive computational / experimental improve-
ment of the physical modeling leading to a better
understanding and use of existing facilities. Design-
ing the windtunnel models using CFD such that in
windtunnel conditions one approaches the flight phe-
nomenon of interest, is part of this modern approach.
Because of the impossibility of duplicating flight con-
ditions in ground based facilities, a computational
modeling approach is required. Indeed Mach num-
bers in shock tunnels or hot shot facilities are far
from those in flight. Due to nozzle expansion pro-
cesses the distribution of the energy is different com-
pared to flight. Free flight models accelerated in
ballistic ranges avoid errors in redistribution of en-
ergy on the forebody when the Reynolds number is
matched. However chemical processes at the base
or leeside are not simulated because in those regions
recombination reactions are dominant. The time re-
quired for the recombination reactions to occur are
inversely proportional to the square of the density
whereas for the dissociation reactions it is inversely
proportional to the density. It means that if a test is
set to scale with the forebody dissociation reactions
it results in simulating a leeside flow or a base flow
which is closer to equilibrium that in flight. All this
means that corrections are always required for flight
extrapolation. Figure 4 shows the approach to val-
idate an extrapolation to flight methodology. The
right branch shows the classical testing in cold wind-
tunnels where Mach Reynolds simulation is possible
and where using generic forms, code validation for
perfect gas phenomena is feasible. Examples are the
hyperboloid flare for the study of the boundary layer
separation and reattachment and associated shock
boundary layer interaction, the capsule-like blunt
cone in rarefied flow for the study of the wake, the
delta wing for the study of vortex flow fields and
the Electre blunt cone for the detailed study of the
nozzle flow quality and which serves as a standard
model. On the left branch of the Figure are the sim-
llar generic models for the study of real gas effects.
CFD validation includes here facility simulation be-
cause of the necessity to take into account the noz-
zle free stream species concentrations and vibrational
temperatures. In order to study the extrapolation to
flight it is necessary to test flight configurations in
the so called cold as well as high enthalpy facilities.
Computations in windtunnel as well as in flight con-
ditions are to be performed. The Orbiter/Halis was
selected as the configuration for the study of the ex-
trapolation to flight. Figure 5 shows a computational
rebuilding of the Halis configuration in the S4 facility.
It is through a computational windtunnel rebuilding
including nozzle expansion processes that a study of
the uncertainties associated with the extrapolation
to flight can be performed. This computational re-

building will provide a better understanding of the
facility and measurement techniques used as well as
for a better use for design, in particular for the high
enthalpy facilities. Obviously this implies the avail-
ability of 3D nonequilibrium Navier Stokes codes or
Euler codes coupled with boundary layer codes. Be-
cause of the large computing power required to per-
form 3D nonequilibrium computations and because
most of the existing 3D codes still require detailed
validation especially the validation of the physical
models, a framework for real gas high enthalpy vali-
dation is needed.

Real Gas Validation Methodology

The proposed real gas validation methodology is
shown in Figure 6. The thermodynamic coefficients,
transport properties , radiation properties and chem-
ical kinetics need to be reassessed using modern
shock tubes combined with the latest nonintrusive
measurement techniques. Because most of the exist-
ing data derive from older shock tube experiments
where the relaxation processes behind a moving nor-
mal shock was measured; it is believed that new
shock tube experiments combined with the latest
nonintrusive measurement techniques are required
to reasses these reaction rates and thermodynamic
properties. Moreover the validation of the above co-
efficients need also to be done for expanding flow
fields. There is an urgent need to standardize the
chemical and vibrational reaction rates for air and
other gases such as CO, for specific classes of high
enthalpy flows e.g. flows encountered in shock tubes
or hot shot facilities which do not necessarily require
the modelization of ions. Standardization of reaction
rates will also take away a source of discrepancies
when performing code to code comparisons.

In addition there is an urgent need to improve our
understanding of the reaction mechanisms associated
with gas surface interactions such as catalysis and
ablation. These fundamental experiments could be
performed in arc jet facilities or clean environments
such as solar furnaces or induction heated facilities
(plasmatrons).

Flap Efficiency and Heating

The assessment of flap efficiency and heating has
always been a critical point in the design of space ve-
hicles. This problem has been extensively analyzed
in the context of the industrial technology conser-
vation studies and will be briefly discussed using a
generic axisymmetric configuration. This configura-
tion is the hyperboloid flare. We will discuss here a
computational analysis performed on this model in
high enthalpy conditions corresponding to the HEG
reservoir conditions of 500 bar and 9500 K. The noz-
zle exit conditions are computed with a 1 D chemical
and vibrational multi temperature nonequilibrium
Euler code. The Edenfield boundary layer correction
is included in this code. Figure 7 shows the centerline
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evolution of static and vibrational temperatures and
the growth of the boundary layer. Note the rapid
freezing of the vibrational temperatures and the ve-
locity which quickly reaches constant values. All the
important chemical kinetic effects occur at and just
downstream of the throat.

This 1 D code provides the required input pa-
rameters to start subsequently a 2 D axisymmetric
nonequilibrium Navier Stokes code.

Obviously, the way to study the extrapolation to
flight is to perform computationsin wind tunnels and
in flight conditions following some scaling law. The
scaling law used is, as discussed above, the binary
scaling pL which simulates the dissociation reactions
combined with the speed to simulate the kinetic en-
ergy. The scale factor for this case was 120.

Figures 8 and 9 show respectively the com-
puted Cp and the Stanton distribution for the non-
equilibrium HEG wind tunnel condition, for the non-
equilibrium flight and the equilibrium flight condi-
tion. Some important conclusions can be drawn: an
increase in pressure recovery on the flare for flight of
approximately 15% relative to the wind tunnel case
is noted and another increase for flight in equilibrium
of approximately 25% relative to the flight nonequi-
librium case can be seen. Similarly, from Figure 9
one can see that an increase in Stanton on the flare
for flight of 30% relative to the wind tunnel and an-
other increase of approximately 50% for equilibrium
flight relative to nonequilibrium flight is obtained.
Clearly the assumption of chemical and vibrational
equilibrium leads to a significant over estimation of
the peak pressure and peak heat flux on the flare.
Going from wind tunnel to flight, a reduction is seen
in separation length combined with a forward shift
of the pressure peak giving rise to an increase in flap
efficiency.

Parachute Deployment

Not all the problems are in the hypersonic do-
main; in fact in the hypersonic domain the margins
can be taken large enough to cope with the uncer-
tainty. Often the real problem occurs in subsonic
flow when a heat shield needs to be released and
parachutes need to be deployed. Figure 10 shows
the Huygens entry into Titan and its descent sce-
nario. Here a large amount of engineering expertize
is required to achieve a design for safe flight until
landing. Issues like static and dynamic stability dur-
ing the parachute deployment phase are crucial and
require expert skills.

Future Perspectives
In the future it is clear that CFD will play a more
dominant role; however not to the expense of ex-
perimental testing. The role of the windtunnels will
change: the R and D facilities will be used more for
the validation of the physical modeling whereas the
industrial windtunnels, especially the transonic facil-

ities, will be used for static and dynamic data base
generation.

The use of CFD will be progressively and contin-
uously increased:

o in the design of experiments, the definition of
the test environment, the development, applica-
tion and interpretation of diagnostics and in the
analysis of the results. The test data will then
form a basis for validating this process including
CFD tools.

o for the extrapolation from windtunnel to flight.
The flight data will then be used to qualify the
whole process. :

Improvement for the following physical models are
required:

¢ Transition, in particular transition due to rough-
ness and that induced by cross flow instability.

o Turbulence, with emphasis on turbulence within
shock boundary layer interactions.

o Gas - surface interactions ; catalycity and abla-
tion

o Transport properties and physical /chemical
transformations such as V-V or V-T couplings.

Finally the efficiency of the numerical tools needs to
be improved by:

¢ automatic or semi-automatic grid generation,
o improvement of algorithms,

o further exploitation of parallel computing.

Concluding Remarks

Aerothermodynamics is a specialized and challeng-
ing technology which requires continuing and ded-
icated research at the highest scientific and engi-
neering level, using new scientific knowledge as it is
gained for the development of computational codes
and their experimental validation. It has important
multidisciplinary interactions with vehicle materials,
structures, thermal protection, propulsion and guid-
ance and control systems

In addition to the validation of physical models, an
effort is still required to improve grid generation tools
and to enhance the efficiency of the codes by using
parallel platforms. Finally ESA’s objectives to set up
a coherent programme between its research activities
and future projects requirements have been achieved,
allowing for the conservation and continuous improv-
ing of the European aerothermodynamic capabilities
by setting up collaborations between agencies, re-
search establishments and industries. '
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Hyperboloid-flare: Experiments & Computations
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Condition 5
Res. Enthalpy  [MJ/kg]
Reservoir Pressure [MPa]

Mach Number [..]
Free Str. Density [g/m3]

HEG exit conditions thermal/chemical nonequilibrium

CONDITION 1 CONDITION 4
thermal equil.

Py(bar) = 386.3 1111.0
Htot(% = 21. 14.8
U (m/s) - 5576.7 5682.37 4879.21
Too. (K) - 510.00 747.0 485.86
Tveo (K) = 5401.29 747.0 3924.02
p (kg/m3) = | 2.036e-3 1.929e-3 6.846e-3
Cny = .76108 0.76143 : .73244
Cn = 00015 .00027 .00000
Co, = .00722 .005935 .10860
Co = 21885 : -220657 - .08450
Cno = .01270 011708 ’ .07446
"o (K) = 300. 300. 300
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COND4 HEG : stagnation line electre

catalytic wall

1.0000E4 \_’_\] 0.75
TIK] | i 1 C,
7.5000E3
[ 0.50
5.0000E3
40.25
2.5000E3
0.0000EQ A .00
.0000
COND1 HEG : stagnation line electre
Calalytic wall
TIK] 075
1.0000E4 CI
7.5000E3 oy, 7050
5.0000E3
0.25
2.5000E3
-0.0100 -0.0050 0.0000
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Deutsche Forschungsanstalt tir Luft- und Raumtahrt e.V.

General Flow Features around a Blunt Body during Re-Entry

centered
expansion

\ separation
point

recompression
shock

ttachment
point

B

‘iDLR

Deutsche Forschungsanstalt flir Luft- und Raumfahrt e.V.

Flight Path of MESUR and OREX with HEG test points

50
velocity [kmy/s]

4.0

=
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D) || Print || 23 Jan 1995 || hepd.plt | cp

Comparison Exp.-Num. LTB cond.

1.4 |

cp distribution on hyperboloid-flare

Wong fine

Schwane

Bousquet

Eliasson fine
Krogmann Exp-New 1
Krogmann Exp-Oid

Ref.: DLR: [B-221-93C 28

250.0

200.0

Detail
150.0

"100.0

50.0

0.0

-50.0
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Hyperboloid-Flare

Flight extrapolation for HEG : 500 bar, 9500 K conditions

20 T oy T L A i !
Cp #—-—9—— non-equilibrium (catalytic) : flight
[+ equilibrium : flight
non-equilibrium (catalytic) : Wind tunnel

PRI S TR RO R S RN U S GI S SR S0 U S CUNY N NN YU S S e

2.5 5.0 7.5 10.0 125 15.0

Hyperboloid-Flare

Flight extrapolation for HEG : 500 bar, 9500 K conditions

St R T | A T
non-equilibrium {catalytic) : flight
equilibrium : flight
0.050 non-equilibrium (catalytic) : Wind tunnel N
0.025

2.5 5.0 75 10.0 12.5 15.0
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FE FAFIXTHMHRHENEL, BHEERELE I,
TR RKELADIIATETS,

#E]1 Sphere DLR HEG RiB%&H# & 38 L v & )V ERNEH MBRHT

#EII OREX OREX(Orbital Re-Entry Experiment) 888K
ERIT R WA

# & Il Hyperboloid Flare
FoF oy v—=FKd4 v 7 Fa—TRU
ONERA F4 b R NVEHICL 2 HEEZEITROO
B O AT

&% IV Spherically Blunted-Cone
AIWZANSVLENS, DLR. HEGHoE ¥ )VE—
BEEHICLEZRN—X - 70— 2FURT

#A1 Sphere H

DLR. HEGHZV#NVE—RiAZEMOIKDOEF D DENMBKRNTFEH
FMRFEAICKHVDHOPEMRMRO—RE L TEEINS, FREOHMII L
BLUINE—RBROERNIHFHEORY L EOMBHIZEIMBICEIIERE
BRBIEICHB, ZIMARHENT -5 ELTRUEENDZITFTETH S0

#EI OREX ¥R

OREX 3 FHMREXMICL D1 994FE 2 AT EIFdfTbh. MiE
FHERTREREXAR LT, ERTHOE N, HHEAMOEE. BFERENFHIX
Nico TNODEERT—FECFDILIIRAESKTHEREREZUE TSI LITX
D, ERRUVCFDHEDT7 Fuo—Fho. REFTERICKI S EEIKBRRER
M2 EABMET S, ARBRE 2HOBBEEROCFDI—Vvay T
DFBICLMH LFo . TOROMITEUOEE., RUHEFHROMEE ST T,
B, 2286k, Tk, RUEFHFIZODWT. CFDBITFHRHOHEELLE S

= >

1TJ0
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FE I Hyperboloid Flare ¥ &

RABICEYAENREERBELIBRE LT, #Hl - BFEEZESI RO
B\ EBMET S, ERBY v F U5V DIV—FY 4 v 2 F a—7(Cold Case)
KU ONERAFA N L9 VERBEZROT, BN, ZHNBAIH. HEED
WE. RUTHRKERIFHENI, EBRT—FRBESA (3— 0y /SFHEHK)
oINS,

#E IV Spherically Blunted-Cone H# &

R—Z27o0-0ORHAEBEMELTHNRY LENS, DLR HEG. &
UNASA Ame sOD3DORBICE D, AI—D—RKKFH TEREZITO FET.
R—ZARUBER VY ¥ —LTHONIEN. RUENMBSGOLBREEIRE S
5, ARBRIERHMOBUDBRHCERSELBIC, HFEORDP THELR—X -
7o0-OMBIKRHYEA. CFDOHAEY I aL—Va v OKEEHEILEHHM
D—DTHb5, EMT—FIBESA (T— oy STk roRBIhiFEL
L->T5b,
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Ew
[7VE i85 BERASRBIUREREED LET,
REHABOZMGEU>TIHELLODELET
WERY Y FERTH1A27H
STHERIRHLYIR FRT7THES5A3 1 BLE
B4 B FIRTHO6A8H (FE)
b HE 355 P A2 FE RV TR

HEBEFRFEREE MEFEHEBWRRERNFH
Muabik &7 5k
TI82 HmBMBGHERAFEE7-44-1
TEL  (0422)-47-5911 Ext. 2302
Fax  (0422)-47-4927

e-mail Yukimitu@nal. go. jp

L. 4 MixProblen 111 (Hyperboloid Flare) &% I* Problem IV(Spherically
Blunted Cone) IZDWWTIREXRLELBH/F%23. 54 F 70y E—(US-DOST »
—Xy MILTRHTEFETY, FEERLREREEITIERT I, Uk,
Problem [11-1 Hyperboloid Flare & Cold Case iZ D Tid. < &bk
A4 0 08U EDBFERACEOEELOHESANBShADZOWEESS DT,
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%1 30 (¥R 7 K mEBHBE 2R N ZEY R Y T A
HHNEE 77— ayTHEEBAR

EEHERITEOMICTZAOLE, TERIKE2->-TTFXW, EHELT2
ULoSMMIcBLALBAREKEZIE-LT. HAITBLAATT X,
IS5 8 Y) ¥ 7THE1AH27H
%D % MEFEHBEBWRE ZRANFESR

i 7%
T182 HEMAAGNTERKRKFHEENT -44 -1
Tel 0422-47-5611 e X 2302
F a x 0422-47-4927
ZHES Sphere OREX Hyperboloid Flare Blunted Cone
I ] (ENHrOoBMEOTHL, EAMLHESR G D
RESTOVIBACBRAEESCLHLOEHT %, )
Problem I Problem 1. Problem I Problem IV
Spherically
Sphere#k M4 OREX 5 Hyperboloid Flare#s P§ Blunted Conei§ P9

I -1 o-1 m-1 v-—-1

I — 2 o- 2 m- 2 V-2
I — 3 o-3 m- 3
I — 4 om-4
I — 5 on-5
1 -6
EEKA
B
oL B3 Fm

Tel :
F ax:
ERITLIREOBE (ZMHRICNIsBHTHBEIZZA)

(1) #BEFI)N  (EFHHAK. FHMK. VSL, Euler+EREBHEKX)

(2) #& (FDM, FEM%)

()Y LEFRIEETINVE

(4) 1B FIEKE
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Description of the Test Case Problems

Thirteenth Aircraft
Computational Fluid Dynamics Symposium

High Enthalpy Flow Workshop

June 8, 1995

National Aerospace Laboratory

Workshop Working Group
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1 Problem I Sphere

85

Axisymmetric laminar flow is assumed and it is not necessary to calculate the base region.

Experimental data at DLR HEG flow conditions will be provided for the heat transfer distributions.

1.1.1 Geometry

Coaxial
thermocouples

Thin film
thermocouples

Sphere model

1.1.2 Test Cases

Case V o T 0« (kg /m?*) | Twan Modelization Level
I-1 5939m/s 705K 0.00156 300K Lam, Non-eq, Non—cat **x
I-2 77 44 7 77 V4 Full-cat *% %
I-3 6180m/s 934K 0.0034 300K Lam, Non-eq, Non-cat i
I-4 7 14 14 " V4 Full—-cat P
I-5 5151m/s 708K 0.0058 300K Lam, Non-eq, Non-cat b
I-6 144 V4 V{4 V{4 V4 Full-cat rogrges

(Non-cat =Non catalytic, Full-cat =Full catalytic surface condition)

(Non-eq =Non-equilibrium, Lam =Laminar)
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Mass fractions of free stream air are as follows.

Case N 2 (O NO N ]
I-1, 2 0.762 0.0348 0.0317 0.0 0.1708
1-3, 4 0.744 0.0659 0.0429 0.0 0.1468
I-5, 6 0.733 0.1578 0.0688 0.0 0.0406
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2 Problem II OREX

2.1 Description of problem II

Axisymmetric laminar flow is assumed and it is not necessary to calculate base flow.

2.1.1 Geometry

1735.5¢

87

OREX Contiguration(Unit:mm)
2.1.2 Test cases
Uo Too Py Twall Modelization Level

II.1 | 7450m/s | 186.9K | 0.169N/m? | 540K | Lam.Non-equilibrium,Non-cat b
I1.2 | 5562m/s | 248.1K | 23.60N/m? | 1519K | Lam.Non-equilibrium,Non-cat ok
11.3 " " " 7 Lam.Non-equilibrium,Full-cat ¥
11.4 " " " " Lam.Equilibrium, **
IL.5 " 7 N " Lam. n.react *

(Non-cat = Non catalytic

Full-cat = Full catalytic surface condition)
Flight Experiment results are available for Test cases II.1,2
(Wada and Yamamoto and Inouye , Japan)
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3 Problem III Hyperboloid Flare

Axisymmetric laminar flow is assumed and it is necessary to calculate cylinder part. Experimental
data obtained by Geottingen Ludwig Tube (Cold Case) and ONERA F4 (Hot Case) are available for the
surface pressure and Stanton number distributions. Also, separation point is determined by oil flow test

(Cold Case). Shock wave patterns are also available.

3.1.1 Geometry

The contour of hyperboloid flare forebody is defined by fourth order polynomials. The angle
between flare and body axis is 43.6 degrees. The length of the straight flare part is 20% of the length of
the forebody. It is continued by cylinder from X=1.0 to X=1.25. Definition of polynomials of the
forebody part is described in 3.2.

Total Geometry and basic grid (521X31) data are available by 3.5 inch floppy disk. Please, contact

to the workshop organizer.

COLD CASE
436° L =0.05924 m
HOT CASE
=0.016968
=0 L=0.1114m
«——— 0.8333 ———+—+ Hyperboloid
' 0.1667 Flare Model
< L > -
X=1.0 unit size
X > X=1.25
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3.1.2 Test Cases
LTB (Cold Case)
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M T Rew /m Twall Modelization Level
I1I-1 | 6.83 67.765K 7.0X10 ° 310K Perfect Gas i
ONERA F4 (Hot Case)
V e T = Tv 0 o Twall Modelization 1 Level
1.2 | 3934m/s 188.3K | 3200K | 1.557X10 ~ ® | 300K Lam,Non-¢q,Non-cat i
1113 V{4 V44 V4 V{4 V{4 Lam,Non—eq,Full—Cat ko k

(Non-cat =Non catalytic, Full-cat =Full catalytic surface condition)

(Non-eq =Non-equilibrium, Lam =Laminar)

Mass Fraction of the free stream

N2

N

O 2

0

NO

0.7254

0.0

0.1354

0.0497

0.0895

One temperature model can be used by equating free stream vibrational temperature Tv to

transrational and rotational temperature T « .

3.2 Geometry Difinition of Hyperboloid Flare Forebody.

The contour of the hyperboloid flare is defined by matched fourth order polynomials for
the axial coordinate x as a function of the surface abscissa y.

Please note:

Since the x and y coordinates are dimensionless with the body-length including a flap

0

IN

—.514683 <

of 20% of the contour, the following relations are only valid for:

@ 8
IN A
O >»len
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The general form of the polynomials is :

zp1(y) = an +azn * (—y) + aa; * (-—y)2 +aq * ("!/)3 + as; * (-y)4

with:
a;; = 0.000000000000
ay = 0.000000000000
az; = 29.467034497212
aq; = 0.000000000000
as; = —5645.240573904950
and:
rp2(y) = a1z + a2 * (—y) + az2 * (—y)2 + aq2 * (-y)3 + asy * (—y)*
with:

a;; = =0.009250713659
azp = 0.948176696531
az; = 3.004115746723
ag; = —6.927993520959

as; = 17.173047861368

The contour from the nose to the contour-flap intersection is given by:

zgs(y) = zp1(y) for y >

zgs(y) = faktxzpi(y)+ (1 — fakt) * zpa(y)
with: fakt = (cos((y —y1)/(y2 — 1) *pi) + 1.)/2.
for y1 >y >y2

and

zgs(y) = zpa(y) for y2 2y

y1 = —1.74418427 x 1072
y, = —3.42209451 % 1072
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4 Problem IV Spherically Blunted Cone

4.1 Description of Probrem IV
Three experimental data obtained by Calspan LENS facility, DLR, HEG and NASA Ames, are
available at the same freestream flow condition. Axisymmetric laminar flow is assumed and Base
flow must be calculated .
4.2.1 Geometry

Basic grid will be provided by 3.5inch floppy disk. Please, contact to the workshop organizer.

Axisymmetric Spherically Blunted Cone

The base radius of model, Rp is 76.2mm
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4.2.2 Test Cases

Air is assumed.

M T e 0 (kg /m*) | Twan Modelization Level
Iv.1 10.31 489.9K 4,085 X 10| 295K Lam,Non-equilibrium,Non—-cat | *****

v.2 7 7 “ ” Lam,Non-equilibrium,Full-cat | *****
(Non-cat =Non catalytic, Full-cat =Full catalytic surface condition)
(Non-eq =Non-equilibrium, Lam =Laminar)

The mole fractions of the freestream air are as follows.

N2 (O o NO N

Mole fraction 0.7350 0.1490 0.0483 0.0677 0.0
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i & ®r T -7 EREMEH

HEBEVIEWIAE~2DSH Problen § Hyperboloid Flare K UX Problem W
Spherically Blunted Cone iCx v b Y —F BB UYOEHFHEDOH4I1IZIE3. 54 F 70y
—T4R7. RUBRNEBERH L. EEBFRUHBEBFOT— s E2BE LI ULET, FIE,
SAHLLCBBVHLOTET, UHLEFFECODVTRUTOEIKIEERTI W,

Problem § Hyperboloid Flare
BFII. W|MNF@ES52 1 8, WHRBEEEERFEL O 1HETY, STEETFRYEXEIC
BB TFHDH S FHEF HYPERBLD. CHl R UMD FHE 4% F HYPERBLD. CH2 O
2oxRABULE L,

Problem ¥ Sphericaly Plunted Cone
EABTFRENHEL 6 18, WEECEESFA L3 1A TT, oL THER
FRENFAMBFHEIELRUT. WEEICEEFMIB24 1 85EH-TkhET, &
fe. BX, ZOEEME3SETREREHEIIHEINTEIZNDET,
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T— 5 DHHIAHFHE
l. F=PRIRTHEMBMLTHNET,

fE58NC LHAa= v F (7o E—RIZHnEd) TRBLTHOESTLEE,

@ LHA X CONE.LZH
ZOa<vw v FT. CONE . ORG
CONE . DAT

@ LHA X HYPB_ORG.LZH

2=y FT. HYPERBLD.ORG --

® LHA X HYPB_ CMP.LZH

ZDa=< v FT. HYPERBLD.CMI -
HYPERBLD.CM2 -~

CONER A3
CONEETEA%F

PEEEINET,
HYPERBOLOID FAIET

HYPERBOLOID
HYPERBOLOID

HERS HOIBT)
HERTY EAVIEF) ABHINET.

HERESNhET,

BHE. RETIE. FITMBIIEBZDT. "—FF 4 RIBEZaE—-LTHh o,

BMEL TSN,

2. F—2EX

@© C(ONE.ORG (CONE.DATHRILF—7 )

WRITE(10,100) L, N

100 FORMAT ( 215 )
101 FORMAT ( 5E16.8 )

-

4 PARAMETER ( L = 161,
DIMENSION XC(L,N), ZC(L,N)

WRITE(10,101) (( XC(K,I),
WRITE(10,101) (( ZC(K,D),

({£% ) CONE.CRG -=--- NN
CONE.CMP  =eeee- NN

nu

(22 HYPERBLD.ORG (HYPERBLD.CM1. HYPERBLD.CM2 H & U5 —# =)

WRITE(10,100) L, N

et e e
\

100 FORMAT ( 215 )
101 FORYAT ( 5E16.8 )

PARAMETER ( L = 521.
DIMENSION XC(L,N), ZC(L,N)

WRITE(10,101) (( XC(K,D), K=1,1), 1
WRITE(10,101) (( ZC(K,I), K=1,L), 1
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High Enthalpy Air Flow Computations with
a Sphere and a Blunted Cone Models

Igor MEN'SHOV and Yoshiaki NAKAMURA

Dep. of Aerospace Engineering, Nagoya University

ABSTRACT

A computational fluid dynamics (CFD) technique is employed to study hypersonic high enthalpy air flow around
blunt bodies at a range of enthalpies relevant to suborbital flight speeds of aeroassisted orbital transfer vehicles
(ASTVs). The method uses the two-temperature model of Park for the description of thermo-chemical
nonequilibrium processes in high temperature air and solves the full Navier-Stokes equations for multicomponent
reacting gas mixture in finite volume formulation on a grid of arbitrary structure. The calculations performed in
this work simulate in detail the experiments carried out recently at the KHI (Japan), and at the DLR (Germany),
where heat flux distribution over a sphere and a capsule-like:blunt cone model was measured at several freestream
conditions related to the range of enthalpies mentioned above. The main emphasis in this paper is given to
comparison between numerical and experimental results in order to verify adequacy of data in terms of heat flux
distributions predicted by the CFD technique for suborbital ASTV flight range.

1. Introduction

The assessment of heating load during re-entry has
always been one of key points in the design of ASTVs.
This problem has been extensively investigated initially
by both experimental and analytical methods for the
purpose of estimating the convective heat transfer rates
at the stagnation point (e.g. Refs.1, and 2). However,
all these experiments and theoretical considerations
were performed at the range too far from flight
situations that may be encountered by ASTVs, and
where nonequilibrium phenomena are not essential and
the flow can be considered on the assumption of
thermo-chemical equilibrium.

The development of experimental base makes now
possible to realize high enthalpy flow experiments
through a range of enthalpies: 2.5 MJ/kg to 45 MJ/kg,
equivalent to velocities: 2 km/s to 10 km/s, which
covers re-entry flight speeds of the ASTV (e.g. Refs.3,
and 4), and where nonequilibrium effects should play a
considerable role. The results derived from these
experiments are of crucial importance for the
justification of existing CFD's models for flows in
chemical and thermal nonequilibrium mainly in the
question that to what extent these models can predict
close to real values such basic thermo- and
aerodynamic characteristics as forces, moments, and
heat flux rates.

The two-temperature model of Park (Ref.5) seems at
present to be a most widely used model in the CFD for
the simulation of high enthalpy nonequilibrium air
flows. In this model, two assumptions are made to
describe species' energy distributions. The first is that
the translational mode is in equilibium with the
rotational mode and the distribution of energies in
these two modes are described by one translational-
rotational temperature for all heavy particle species. In
the second one, another temperature (vibrational-
electronic) is introduced to characterize the vibrational
energy of molecules, translational energy of electrons,
and electronic excitation energy of atoms and
molecules.

Supported by many experimental data, a
justification for the two-temperature model is based on
the facts that (a) the energy transfer between the
translational and rotational modes, and between the
translational mode of free electrons and the vibrational
mode of molecular nitrogen are very fast, and (b) the
low-level electronic states of heavy particles become
equilibrium very quickly with the ground electronic
state at the electronic temperature.

In Ref. 6, the effects of thermochemical
nonequilibrium on forces and moments at hypersonic
flight speeds were studied by using Park's model, and a
10% change in lift and drag and a 20% change in
pitching moment for the airfoil caused by the
nonequilibrium  phenomena were numerically
predicted. In this paper, we make an attempt to apply
the two-temperature model in the prediction of heat
characteristics by numerically simulating the
experiments carried recently out at the DLR, Germany
(Ref.3), and at the KHI, Japan (Ref. 4), where
convective heat flux distribution over model' surface
was measured at different freestream conditions with
enthalpies ranging from 20 MJ/kg to 40 MJ/kg.

Towards this end, a numerical code for obtaining
steady-state solutions to the equations of 2D fluid
motion coupled with the finite-rate chemistry in
thermal and chemical nonequilibrium air has been
developed in the Fluid Dynamics Laboratory,
Department of Aerospace Engineering, Nagoya
University. The code basically described in Ref.7 solves
the Euler or Navier-Stokes equations for
multicomponent reacting gas flow in finite-volume
formulation on a grid of arbitrary structure. Inviscid
convective terms are discretized with a modification of
the Advection Upstream Splitting Method (AUSM)
(Ref. 8). Viscous fluxes are approximated with a
standard centered scheme. Time integration is
performed in two-step implicit manner, and an
approximate linearization is made for inviscid and
viscous fluxes and exact that is used for the thermo-
chemical sources. The approximate linearization of the
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inviscid fluxes is performed based on the method
proposed in Ref. 9, which leads to an implicit operator
in diagonal form after applying the Lower Upper
Symmetric Gauss-Siedel (LU-SGS) factorization (Ref.
9) in the case of strucured grid. We proved that this
remarkable property is conserved if the LU-SGS
factorization is applied to unstructured grid, and hence
independently on the grid considered, in order to invert
the implicit operator in this way only the Jacobian
matrix of the thermochemical source needs to be
inverted in each computational cell.

2. Physical model and goveming equations

With the exception of ionization phenomena that are
neglected in this paper, we closely follow the two-
temperature model of Park (Ref.10). The five neutral
species: N, O, NO, N,, O, are considered and 17
most important chemical reactions among these species
are employed. The reaction rate coefficients are
controlled by the temperature (rate-controlling
temperature), which is a geometrically averaged
temperature between the translational-rotational and
vibrational-electronic temperatures. The rate parameters
are cited from Ref. 11.

Transport coefficients are evaluated by extending
Yos's formula based on the first Chapman-Enskog
approximation to multitemperature gas mixture
(Ref.12). To simplify evaluation of the collision
integrals in Yos's formula, the formulas of Chapman
and Cowling for species viscosity and binary-diffusion
coefficient along with the semiempirical formula of
Wilke for mixture viscosity (Ref.13) are invoked.
Comparing these formulas with the corresponding Yos's
ones, compact and easily computed expressions can be
obtained for the collision integrals by which the
transport coefficients are expressed.

The relaxation of vibrational-electronic excitation
energy due to collisions with heavy particles is modeled
according to the theory of Landau and Teller (Ref.14).
The relaxation time employed in this theory is computed
as the sum of the empirical correlations of Millikan and
White and high temperature correction proposed by
Park (Ref. 15).

The system of governing equations with the physical
model described above can be expressed as follows:

9,9+9,f, =3,g, +H ()
where q is the solution vector, the components of
which are the species densities, 3 momentum
components, the vibrational-electronic excitation
energy, and the total energy, respectively. The vectors
f, and g, (k=1,2,3) are inviscid and viscous flux
vectors, respectively, and H is the thermochemical
source. The summation on repeating index is assumed
in eq.(1) and hereafter.

3. Numerical algorithm

We use the finite volume method with two-step
implicit time integration to obtain spatial and time
discretizations of the governing equations (1) . Having

been given a spatial decomposition, which is structured
or unstructered, of the computational domain by a set of
control volumes (CV), the resulting system of discrete
equations can be written as:

®;8q, +A1Ts, 0" =Al§scg:“ +0,MH",  (2)

€, =8l » i=1,..,N

where q, is the solution vector averaged on the CV, o,
is the CV volume, s_ is the area of the CV interface,
n=(n,n,,n,) is the exterior normal to the CV

interface. Here the superscript denotes the time level, ¢
denotes the CV interface, and A denotes the increment
in time. The summation in eq. (2) is performed for all
faces bordering the CV under consideration.

« The inviscid numerical flux f_ at the interface G is

expressed in terms of the local one-dimensional flux F
as follows:

f,=T,F, F=£(Q), Q=T,q 3)
where T is the transforming matrix defined by the

coordinates of the unit vectors of the local orthonormal
basis at the interface (Ref.16).

To solve the system of discrete equations (2) we
linearize the thermochemical source vector and
approximate the inviscid local flux and the viscous flux
in the following way (Refs.7, and 17):

F*™' =F'+A[AQ, +A_,AQ,,

g." =g, +D,(Aq,, -Aq,)
Here, A* is a positive matrix, and A~ is a negative
matrix such that their sum equals to the Jacobian matrix
of the flux F with respect to the vector Q:

fo =MioNes

4)

A*+A =A=0F/3Q (5)

The coefficient D in eq. (4) is taken in the form:
D, =pg /h, (6)
Pg, = maxd,,....d,,v,a,a )

where d, (k=1 to 5) are diffusion coefficients, v is the
viscous diffusivity, a, o, are the thermal diffusivity for
translational-rotational and vibrational-electronic mode,
respectively, and h is the distance between i- and
o(i)-node points projected on the normal to the
interface, h, =Ine(x; —=x_. ).

By substituting eq. (4) in eq. (2), we obtain the
system of linear equations with respect to the increment
of the solution vector:

a +2“: —AtS;)Aq, +Zu;(i)ch(i) =R, (7
[} (]

where S, is the Jacobian matrix of the thermochemical
source vector H,. R, is the residual defined as

a At n | ]
R, =AH +—Y s (g, - 1)) (8)
(1)i o

and the matrices p* are defined at each CV interface
as follows:
4

At ;
p*=—s_(TA*T, £D_1) 9)
mi
The system of equations (7) has a large block band
matrix, which requires many operations for its
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inversion. To reduce the computational cost, which is
usually encountered in direct solvers, the matrix in the
left hand side of eq. (7) is often approximately
factorized as product of a number of easily invertible
factors. One of such factorizations referred to as the
Lower-Upper Symmetric Gauss-Siedel (LU-SGS)
method was proposed in Ref. 9 for strucured spatial
discretizations. We employ this method and extend it to
unstructured grids to solve eq. (7).

The generalization of the LU-SGS to unstructured
grids is obtained in the following way (see Ref.16).
First, the second term in the left hand side of eq. (7) is
represented by the sum of two terms:

;u;ﬁ)Aqom =2L(Aq)+zr (Aq) (10)

where

2, (8Q)= D HowAg,, an

c:6(1)<i
ZL‘ (Aq)= Z“’;(:)ch(i)
o:0(1)>i
Then, the equation (7) is replaced by the two coupled
equations

(I+ Y 1} -AS)Aq; =-Z, (Aq")+R,

I+ Y 1)Aq, ==, (Aq)+(I+ Y pu')Aq]

which are used for calculating intermediate values of
the increment, Aq;, and its final values, Aq,,
respectively.

The system (12.1) has a lower triangular matrix,
while that of (12.2) is a upper triangular with elements
of block (Nsp+5)x(Nsp+5) matrices, where Nsp is
the number of species. It allows us to efficiently solve
egs. (12.1) and (12.2) by implementing forward
(i=1,...,N) and backward (i=N,...,1) relaxation sweeps,
which involve the inversion of the block
{Nsp+5)x(Nsp+5) matrices on the diagonal only.
Thus, the final increment Aq; can be obtained, which
then used to update the solution vector q;.

The method described above needs to be comleted
by setting up the formulas for the approximation of
inviscid and viscous fluxes at the lower time level, and
by defining concretely the Jacobian matrix splitted in
eq. (5).

The discretization of the viscous terms requires an
approximation to the derivatives of the solution vector
at each face of the CV. In order to evaluate the
derivatives we employ the following two-step procedure.
First, the solution vector is interpolated from cell
centers to cell vertices. Then, the derivatives are
calculated by applying the Gauss formula to a dual cell
coupled with the face.

To approximate the inviscid flux, a modification to
the Advection Upstream Splitting Method (AUSM)
proposed in Ref. 8 is used. A key issue of the AUSM is
to divide the flux vector F into two terms: convective
and pressure terms, and approximate them separately.
The main achievement of this approach is that a
stationary contact discontinuity can be captured without
excess numerical dissipation, and consequently, shear

(12.1)

(12.2)

layers can be calculated quite accurately even with a
first order approximation.
Introducing the vector @ with the components

®, =Q,, k#Nsp+5 (13)
d)rs'qu»s = qu»s +p
the flux vector F can be expressed as
F=u®+P (14)

where u is the projection of the velocity vector onto the

exterior normal to the interface, and the pressure term P

has the following components
P, =0, k#Nsp+l

PNspH =P
Here p denotes the pressure.

« The first term on the right hand side of eq. (14) can
be treated as a passive advection of the vector ® with
the velocity u, and approximated in upwind fashion
according to a suitable defined wvelocity u
Approximation of the pressure term is in fact to define
an appropriate value for the pressure at the interface p .
In this way, giving values to interface pressure and
velocity, one can obtain a two-parametric approximation
to the inviscid flux F, which can be written in the
following form:

F=0.5[u, (9, + @, )-1u, (D, )-D)]+P,  (16)

Hence, a specific approximation to the flux F is
uniquely defined by an appropriate interface velocity u
and an interface pressure p . In the AUSM scheme,

these values are defined with Van Leer's splitting
procedure (Ref.18) as

(15)

G°

Uy =u; +ug, )
Po =P; +Pog)
where
. [#0.25a(M 1), ifIMIL]
u® = (18)
0.5a(MzxIMI), otherwise
. [0.25p(M£1)’(2FM), ifIMI<I
0.5p(MzIMI)/M, otherwise

Here a is the sound velocity, and M=w/a is the Mach
number.

The definition of the inviscid flux as egs. (16) to
(18) is computationaly very simple, and requires
O(Nsp+5) operations per grid point. At the same time,
numerous numerical experiments show that it provides
just the same accuracy in capturing discontinuities as
Godunov's type schemes based on the solution of the
local Riemann problem. In addition to these positive
properties, the method has the disadvantage that it may
produce slight numerical overshoots just behind shock
waves, essentialy precluding the possibility of an
accurate high-order extension in the vicinity of shock
waves.

In Ref.19, the reason of these overshoots is supposed
to be due to the fact that the mass flux in (16) does not
directly take into account of the density behind the
shock wave. Several attempts have been performed to
eliminate these overshoots (Refs.19, and 20), based
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mostly on the adding of blending elements of more
diffusive schemes into the AUSM formulation. In this
paper, we propose a very simple modification to the
AUSM, which alleviates the monotonicity problems.

In authors’ opinion, the nonmonotonicity at shocks
might be caused by the definition of the interface
velocity in the form of Van Leer's splitting. In fact,
because the first term in eq. (16) is treated as a passive
advection of the vector @, the propagation of
disturbances in this process is defined by one eigenvalue
of the Jacobian matrix A, which is equal to the normal
velocity u, while the pressure disturbance propagation is
in accordance with two acoustic eigenvalues. Therefore,
the evaluation of p, in a splitting manner is justified,

but as for u, , an interpolation between u, and u

seems to be a more plausible approach.

To this end, we substitute the splitting form
definition of wu_ in (17), and (18) by the symmetric
averaging:

u, =0.5(u; +u_,) (19)

It was observed in numerous numerical experiments
that due to this modification the overshoots can be
eliminated, and the method produce monotonic solution
behind shock waves. As an example, Figure 1 illustrates
the density contours for hypersonic flow around a
cylinder at the freestream Mach number of 20 computed
assuming non-reacting inviscid perfect gas by the
AUSM with formulas (17), and (18) (Fig.1a), and (19)
(Fig.1b) for the interface velocity u, on a coarse grid of

15x40 meshes.

Fig.1 Density contours: a) splitting, b) averaging velocity

The system of discrete equations (12.1), and (12.2) can
be written in the standart LU operator form as follows:

LD'UAq=R (21)
where
L=D+X, -AtS, U=D+X, (22)

D= 6+(1+%;Do)l. > =%Z‘SGT;'A'T,

If the thermochemical nonegilibrium process are not
considered (S=0), then the solution to eq. (21) requires
inversion of the operator D only. A merit of the LU-SGS
approximate factorization is found when it is used
coupled with the Jacobian matrix splitting proposed in
Ref. 22:

A*=0.5(Atp,) (23)
If a structured grid is used and a transformation to
curvilinear coordinates followed by the LU-SGS
factorization with the splitting (23) is performed, the
operator D in eq. (21) is reduced to a diagonal form,
and any matrix inversion is excluded from the
algorithm (Ref.9).

It appears that this remarkable property is kept even
in a general approach described above. This fact comes
from the following property of the Jacobian matrix A,
which is formulated for simliticity for a non-reacting
one-component gas model in the following
Lemma. Let S be a closed surface in R’,
n=(n,n,,n;), k=(k ,k,,k,;), I=(1,1,,1,) are
uhit vectors of the orthonormal basis at S, where n is the
exterior normal, and k, 1 are tangential unit vectors to S.
T, is the transforming matrix associated with the basis:
1 0 0 O

0
0 n, n, n, O
T, =0 k, k, k, 0
o1 1, 1, 0
0 0 0 0 1

q is the conservative solution vector, Q=T,q, and

F=F(Q) is the local one-dimensinal inviscid flux
associated with the basis.

Then, for any constant vector q the Jacobian matrix
A=0dF/0Q satisfies the following identity:

[T ATgs=0

(24)

(25)

Proof. The identity (25) comes from the conservative
property of the inviscid flux:

menmdsso (26)
From eq. (3) we can rewrite this as
[T Fas=0 27

As F is the homogeneous function of degree one in Q,
one can substitute F = AQ = AT, q and obtain

[1,'AT,qds=0 (28)

from which (25) follows immediately.
It follows from the lemma that the matrix D in (22)
with the splitting (23) reduces to the diagonal matrix

= At
D=0.5-5-§p,\1 (29)

for an arbitrary unstructured spatial discretization, and
any matrix inversion is not required to solve the discrete
equation (21) if S=0. For reacting gas flow, the Jacobian
matrix of thermochemical source, S, needs to be
inverted at each computational cell only.

3. Sphere model calculations

Calculations are performed for the flow around a
sphere to simulate the experiments carried out at the
K.H.I. (Ref.4). The radius of the sphere I, is 2cm. In

these experiments, the heat transfer rate along the

Thic dociiment i nrovided hv TAXA



FIOHIEBAEERNY Y VR YU LRE

sphere surface was measured for three cases of
freestream conditions listed in Table I.

Table |
Case A B C
V..km/s | 5939 6.180 5.151
p..kg/m’ | 0.00156 0.0034 0.0058
T_,K 705 934 708
m.frac., N | g 0 0
m.frac., O | 0.1708 0.1468 0.0406
m.frac., NO | 0.0317 0.0429 0.0688
m.frac., N, | 0.762 0.744 0.733
m.frac., O, | 0.0348 0.0659 0.1578
M_ 10.19 9.33 9.43
Re, 33535.6 64148.3 120641

A nonuniform grid consisting of 60 cells in the radial
direction and 30 (60 in the case C) cells in the direction
along the sphere surface is clustered in the boundary
layer and characterized by a minimum cell size at the
sphere wall, h_,, which is taken such that the cell
Reynolds number at the wall varies from 1 to 3
depending on the calculations.

The total heat flux q, is calculated by the
summation of 3 contribution parts: translational
temperature mode flux, vibrational temperature mode
flux, and diffusion mode flux:

ar

oT 3 aY
G =kgrtk, gE+pdhD, 5 (30)
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Fig.2 Case A: mass fraction and temperature along stagnation ne

Both fully catalytic and non-catalytic boundary
conditions are imposed at the wall, the temperature of
which is assumed to be 300K for all cases.
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Figures 2, 3, and 4 illustrate distributions of the
translational/rotational and  vibrational/electronic
temperatures, and mass fractions of species along the
stagnation streamline for the case A, B, and C,
respectively, computed under the assumption that the
wall surface is fully catalytic to chemical reactions. The
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distance is calculated from the stagnation point and
normalized with the radius of the sphere.

The translational/rotational temperature grows up
abruptly at the shock wave, reaching a maximum value
of approximately 15000K for the case A, 15600K for
the case B, and 11100K for the case C. The
vibrational/electronic mode does not change across the
shock. As a result, a stretched zone is formed behind the
shock where translational/rotational and
vibrationalelectronic modes are in non-equilibrium.
Due to the relaxation process between these modes the
vibrational/electronic temperature increases gradually,
achieving its maximum value at the end of the
relaxation process. This value is about 9200K for the
cases A and B, and 7000K for the case C.

High temperature behind the shock wave initiates
dissociation processes, which dissociate diatomic
species (N,,0,,NO) and produce atomic species (N,
0). This can be seen in mass fraction distributions of
species (Figs.2, 3, and 4). Comparison of computed
mass fractions with equilibrium composition of air
under conditions obtained in the calculations show that
the flow in the shock layer is mostly nonequilibrium.
The equilibrium state is achieved near the wall only,
where the species mass fractions tend to their freestream
values due to fully catalytic boundary conditions.

10 —
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Fig.5 Pressure over sphere, f.cat. wall

The pressure distribution over the sphere surface is
shown in Fig.5 for absolute values (lower graph) and
normalized values (upper graph) for the case of fully
catalytic case. One can see that the pressure normalized
with the freestream density and velocity are in fact
described by a unique curve for all cases. That is, this
means a good correlation with the Newton-Busemann
asymptotic theory.

The calculations with non-catalytic boundary
conditions on the wall show no essential distinctions in
comparison with fully catalytic wall cases in all flow
parameters except for species mass fractions. Their
distributions along the stagnation streamline are
presented in Fig.6 for the cases A, B, and C.

The heat flux at the sphere surface with its
contribution  parts  in translational/rotational,
vibrational/electronic, and diffusion modes are shown in
Figs. 7, 8, and 9 for the cases A, B, and C, respectively,
for both fully catalytic and non-catalytic wall

calculations. Here, we also give the experimental data

obtained by the KHI (Ref.4).
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Fig.9 Case C: heat transfer rate at the wall

Main conclusions, which can be derived from the
analysis of heat flux data, are made in the following.
The contribution due to the convective flux in the

vibrational/electronic mode is found to be considerably
less that that in the translational/rotational and diffusion
mode, and hence, the estimation of the corresponding
dissipative coefficients seems to be of crucial
importance in the prediction of heating characteristics.
The heat fluxes obtained in calculations under non-
catalytic wall boundary conditions are much deviated
from the experimental data than those with fully
catalytic wall surfaces. The latter differs from the
experimental data within 20% for the cases A, and C
and 40% for the case B. Especially for the case B, where
even a non-monotonic profile of the heat flux over the
sphere surface was observed (Fig.8), the maximum
distinction in numerical and experimental data lies in a
middie region, which corresponds to the angle between
20 and 40 degree. The reason for this is not clear now,
but a hypothesis can be put forward that the transition
to turbulent flow might happen in the boundary layer
around here, leading to an increase of heat flux.

4. Blunt cone model calculations

A 140° blunt cone model with a cylindrical
afterbody part (sting) utilized in many high enthalpy
tunnel experiments (Refs.3, 21) is employed in the
calculations described herein. The model consists of a)
the forebody part I-11 (Fig.10) in the form of a 140°
spherically blunted cone with a base radius
R, of 7.62cm, and a nose radius R, of 3.8lcm, b)
the back side of the forebody (the afterbody) II-IIT , and
c¢) the cylindrical support (the sting) III-IV with a
length L =22.1cm and a diameter D=1.91cm.

(| P
RC

(-4

(afterbody
-~

S
¥
N
o

sting

R} v

ﬁnj

Fig.10 Geometry of blunt cone model

The forebody and the afterbody are smoothly joined
by a circumference with a radius R, of 0.382cm. The
sting is connected with the afterbody through a junction
radius R; of 0.635cm.

The calculations have been performed for the
freestream conditions listed below:

pressure: p. = 5785.2dyn/cm’
density: p_ =4.085+10°g/cm’
velocity: v_ =4, 5395¢10° cm/s
temperature: T_ =489.89K

Mach number: M, =10.19

Reynolds number: Re_ =3.79x10°

where the Reynolds number is based on the base
diameter 2R, .
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These parameters correspond to the test No132 in a
series of high enthalpy flow experiments recently
carried out at the HEG of the DLR (Ref.2), where the
heat transfer rate along the blunt cone model was
measured with fast response surface thermocouples on
the forebody and sensitive thin film heat transfer gauges
on the sting. The test No132 was implemented with a
special system designed by NASA for high spatial
resolution of the heat transfer on the model surface,
where the model was instrumented with 113 sensors
mostly located on the sting.

Air in the freestream is considered to consist of
oxygen and nitrogen with the molar concentrations of
0.21 and 0.79, respectively.

The calculations are carried out with a non-uniform
grid greatly clustered in the boundary layer. The grid
consists of 65 cells in the direction away from the body
and 160 cells in the direction along the model surface.
The wall cell Reynolds number defined as
Re_, =ReAh_/R,, where Ah_ is the normal spacing
at the wall, is equal to 2.37 . It is expected that this is
sufficient to achieve grid convergence at least in terms
of heat flux distribution (Ref. 17).

At the wall surface, the vibrational/electronic
temperature is assumed to be equal to the given wall
temperature of 295K. The wall surface is assumed to be
fully catalytic to chemical reactions.

Fig.11 Mach number contours

The Mach number contours are shown in Fig.11
with a contour line increment of 0.2, where sonic lines
are singled out by bold lines. It can be seen that the
flow accelerates at the edge, turning toward the sting,
and then separates from the wall near the edge on the
afterbody. It leads to formation of a recompression
shock and a zone with strong recirculation flow. The
recompression shock has a small angle of about 20°
with the centerline. It does not have a good resolution
due to a coarse grid used in this part of the wake.
Nevertheless the reattachment point and the position of
the shock can be identified. The recirculation zone has a
complicated structure characterized by two closed
supersonic zones located on the sting and on the
afterbody near the separation point.

The flow in this zone is characterized by an extensive
vortex, the center of which is strongly shifted toward
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the separation point as shown in Fig.12 where vorticity
contours are presented.

Fig.12 Vorticity contours

The following discriptions are associated with the
heat transfer q,, and the pressure p,, on the model

surface. The total heat transfer is calculated by the
summation of 3 contribution parts: the translational
temperature mode flux, the vibrational temperature
mode flux, and the diffusion mode heat flux.
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Fig.13 Normalized heat flux and pressure
along the body contours

Figure 13 illustrates normalized heat flux with
each contribution part and pressure along the model
surface. Here, the solid symbols were obtained from the
test No132 in the set of experiments performed at the
HEG of the DLR (Ref.3).
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The data are normalized by the stagnation point heat
flux and pressure, which were found to be
q, =3.64MW/m’ and p, =8.08+10°din/cm’,
respectively. The horizontal axis is the distance along
the model contour S_ (measured from the stagnation
point) normalized by the base radius R .

It can be seen that the numerical data are in good
agreement with the experimental data except for the
values near the edge of the forebody. The experiment
data show a rise of heat flux at the edge up to 90% of
the stagnation point value, while it is 64% in the
calculations. The heat flux on the afterbody (II-1II,
Fig.13) abruptly drops at the edge, and suddenly rises
on the upper part of the afterbody reaching the value of
about 30% of the stagnation point value. This
unexpected effect might be caused by the presence of a
supersonic zone close to upper afterbody (Fig.11), where
gas tends to come to the wall, forming a high intensity
vortex around the separation point (Fig.12).

The numerical model predicts a local heat load peak
on the sting (III-1V, Fig.13) caused by the compression
of the flow in the shear layer with a formation of a
recompression shock in the near wake. However, in
comparison with the experimental data it turns out to be
about 20% less, slightly shifted towards the afterbody,
and spatially stretched. This might be due to a coarse
grid used in this region of the wake, leading to
insufficient accuracy in resolution for the recompression
shock with a reattachment point.

As in the sphere calculations described above, the
contribution due to the convective flux in the
vibrational-electronic temperature mode is found to be
considerably less than that in the translational-rotational
temperature mode and the diffusion mode, which
confirms that estimations of the corresponding
dissipative coefficients seems to be very important in
heat transfer rate predictions.

5. Summary

A numerical model for the calculation of
thermochemical nonequilibrium air flows has been
applied to simulate the experiments with a sphere model
and a blunted cone model carried out by the KHI and
the DLR, respectively. For the calculations with the
blunted cone model, main features as separation of the
flow, recompression shock with a reattachment point,
and a recirculation zone were obtained. It was found
that the recirculation zone is characterized by a vortex
shifted strongly towards the separation point with two
supersonic zones.

Despite  good qualitative  agreement  with
experimental data, the heat transfer obtained with the
numerical model turned out to be underpredicted in
comparison with the experimental data at the middle
part of the sphere (20%-40%) in the sphere model
calculations, and at the edge of the forebody (30% less)
and in the peak value on the sting (20% less) in the
blunted cone model calculations. It was also found that
an abrupt heating rise on the upper part of the afterbody

(blunted cone case) reaches 30% of the stagnation
point value.
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2—2

High Enthalpy Flow Workshop

Problem II-1 OREX Configuration
Ichiro NAKAMORI* and Yoshiaki NAKAMURA'

Dept. of Aerospace Engineering, Nagoya University

In this computation, an upwind method with MUSCL type extrapolation was applied to nonequilibrium
chemical reacting hypersonic flow around an orbital re-entry experimental (OREX) configuration. The flow
solver employed in this computation is based on Steger and Warming's' flux-vector splitting (FVS), and
classified as a variation of the advection upstream splitting method (AUSM)*. It has been confirmed that
the present scheme has many good characteristics in the ideal gas flow such as monotonicity for shock
wave, robustness for expansion wave, and high resolution for contact discontinuity and shear layer. In order
to extend the present scheme to a chemical reacting flow, we used Park's two temperature model for 5
neutral species(N, O, NO, O2, N2) with 17 chemical reaction, and the finite volume formulation was
employed to discretize the axisymmetric Navier-Stokes equations.

Nomenclature

= speed of sound
internal energy per unit volume
total energy per unit volume
vibrational energy per unit volume
inviscid flux vector
= viscous flux vector
= thermochemical source
= total enthalpy
= pressure
= solution vector
= Cartesian velocity components
= Cartesian coordinates
= eigenvalue
= density
uperscript

= positive and negative flux contributions
Subscript
L = left hand side of the cell interface
R = right hand side of the cell interface
s = species

Vv, W
}', Z

TMNERAT DIQWO MmO

+

Introduction

We computed a hypersonic flow around OREX
configuration under the following assumptions:

free stream velocity: 7450m/s

free stream pressure: 0.169N/m’

*Graduate student
tProfessor, Aerospace Engineering

free stream temperature: 186.9K;
the mass fraction of species in free stream:
N2-79%, 02-21%.

Moreover, we assumed the flow is laminar and
chemically and thermally nonequilibrium. The
wall temperature was fixed at 540K. In order to
take the thermal nonequilibrium into account, we
employed Park's two temperature model, where the
translational-rotational modes have the transla-
tional temperature, while the vibrational mode has
the vibrational temperature. In this study, a 5-
species and 17-chemical reaction model is used:

0,+M&0+0+M, M=N, NO, O, N,, 0,
N, +MeoN+N+M, M=N, NO, O, N,, O,
NO+Me&N+O+M, M=N,NO, O, N,, 0,
O+NO & N+0,,
O+N, &N+NO.

The numerical method is based upon the
modified Flux-Vector Splitting to estimate the cell-
interface inviscid fluxes, and the Lower-Upper
Symmetric Gauss-Siedel (LU-SGS) factorization®’
was utilized for the time integration to efficiently
solve the system equations in A-form.

Governing Equations
A nonequilibrium chemical reacting flow has the

system of governing equations with the physical
model, which is expressed in the following form:
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a " ax,  ox, M
where
[P ] [ pyy ] [0 ] [0
pu puju; + 8, ;p Tia 0
pv puyu; +6,;p T2 0
pw pusu; + 6, p Tis 0
q=| E |, F=| (E+p)y |.G,=| 1, |.H=|0
A Ay; pDy %{" H,
P Aoy pD, 52 H,
[ €v | el J L Tvd ] _Hv_
1
E=e+—2-p(u,2 +u3 + uz),
and
p=p(p.e.n.....0,) 2)

the solution vector q consists of the total density
p, the momentum components in X, y, and z
directions:pu, pv, pw, the total energy E, the
species density pi, and the vibrational energy ev.
D., X, and H. denote the diffusion coefficients,
the mole fraction, and source terms, respectively.
These equations include the internal energy e,
which can be expressed as the sum of
translational-rotational energy er and vibrational
energy ev, which are given as

er = Zp,e-r'

e = Z Aey,

(3)

4)

Numerical Method

Inviscid flux evaluation

The inviscid flux vector in the x direction of
the Cartesian coordinates is written as

F=[pu, pu’ + p, puv, puw, puH, pu, -, pu, evu]t(S)
where H is the total enthalpy:

‘ H=(e+p)p (6)
We first describe the cell-interface mass flux
formula®’, because other fluxes are constructed
based upon it. We define the cell-interface mass
flux following the FVS formulas for the ideal gas
flow, which is given as
_ T+ 7 - P ¥y Y 7+

(pu)m’,2 -(pL)., +AA )+5_:2.-(_2)"+ +A7 +43 )L

PR{ ~3-41-4+i-
+¥( 27 + A7 +15)
It has been pointed out that FVS schemes"*"
generally produce excessive numerical dissi-
pation for contact discontinuity and shear layer.
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In order to eliminate such dissipation, we
separated pressure contributions from the cell-

interface mass flux, because there

is no

difference of pressure across the contact
discontinuity. Then, we introduced the virtual
speed of sound instead of the local speed of
sound, which is expressed as

where

and

EL =CmK+CL(1-K) 8

ER=CmK+CR(l—K) ( )
_ate

Cm 5 9)

K = min(py. pg )/max(py. pg) (10)

Moreover, the eigenvalues employed in this
formula are defined as the polynomials of Mach
number, which is redefined by using the virtual
speed of sound c.

A = (|

i

3

where

and

B
o and B *

(11a)

&at +B*] if|M|<1

la(in 1+ + 1|) othewise 1)
2

ela* - B*] if|M]<1
-;-E(A-l— 1 +|A-!-l|) othewise (te)
M =§ 12)
at =i-;-(b-!il)2(lf!2¥21t7{+3) (13)
*=-:—(A?il)2(2$!5!) (14)

are defined so as to satisfy the

restriction of the compatible conditions, which
are given as

and

These

at+ro =M (15)
Bt+p =1 (16)
expressions can be extended to

nonequilibrium gas flow on the assumption that
a speed of sound c is calculated from the eigen-
values included in the Jacobian matrices. As a
result, th speed of sound employed in this solver
is equivalent to an appropriate frozen speed of

sound.

Then, the interface momentum flux can be also
expressed by the FVS formula, which is given as

(9“2 + I’)Mp = R, + Fgug
%[(1; - 152 (3 -i;)-’_’i] 1)

CRr
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where

=p,i;+6£2(-2i,*+iz* +1%) (18)
To prevent the scheme from having some diffi-
culties at the stagnation point, 4 would be

redefined as

| e |
e a—c(M-i[Ml) if M2 e )
—E(M :te) othewise
where
¢ = 0.2 min(py. Pr) (20)
max(py, pr)

€ is a small empirical value depending on the
pressure gradient. However, this modification
results in dissipative solution for the stationary
contact discontinuity. Then, for the practical use,
density was calculated with the upstream values
as follows:

A=A_‘vi&=q_ iflﬁlse and ui‘vzzo
AL =Pr PR=P iflfllSe and u; .y, <0
A=A.R=MA otherwise 2n

Then, we utilized the advection upstream
splitting method(AUSM)"* for tangential
momentum fluxes, energy flux, species mass
flux, and vibrational energy flux, which are
expressed according to the sign of the cell-
interface mass flux previously obtained. The
fluxes are written as

(puv), o= (pu oyl (v +vg —-;—'(pu mlz| vg -v) (22)
(pv) =3 L (pu), (WL +we)- %kP")..kar‘“L) 23
(puv), ., = 3 (pu), o, (B, + H) = 2w, [ - ) 24
(Pin), .y, =3 (PW), g (e, + e0a) = 300), e — ) 22

A piecewise linear interpolation was used with a
minimum-modulus (minmod) TVD limiter in
such a way that these inviscid fluxes have the
second-order accuracy in space.

Transport Coefficients

In order to evaluate the transport coefficients,
we use Yos's formulas based upon Chapman-
Enskog's first approximation. To simplify the
estimation of the collision integral in Yos's
formulas, we invoke Chapman-Cowling's
formulas for viscosity and diffusion coefficients
with Wilke's empirical formulas. Comparing
these formulas with Yos's one, a compact
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expression is available for the collision integral,
leading to the easily computed expression for the
transport coefficients.

Translational Vibrational Energy Relaxation

In this study, the relaxation model introduced
by Landau and Teller for the vibrational-
electronic excitation energy was employed,
where the relaxation time can be calculated in
Millikan-White's'* empirical correlation with
Park's'® correction at high temperature.

Numerical Results

To verify the calculation method mentioned
above, we computed the flow field around OREX
configuration, whose diameter is 6.8m. Figure 1
shows the grid system of 32x64, where the
minimum value of An is 1x10™ near the wall.
The OREX configuration has the following flight
conditions :

free stream velocity: 7450m/s;
free stream temperature:  186.9K;
free stream pressure: 0.169N/m’;

mass fraction of species in free stream:
N2-79%, 02-21%.

These data were employed at the High Enthalpy
Flow Workshop. In addition, the body surface
temperature was fixed at 540K along with the
assumption of a non-catalytic wall. Steady
solutions were calculated with the residual
reduced by three order of magnitude from the
initial one. Figures 2-6 show pressure,
translational-rotational temperature, and vibra-
tional temperature contours along with the mole
fraction of species, translational-rotational
temperature and vibrational temperature profiles
along the stagnation stream line. The present
scheme can capture a strong shock wave with no
oscillation in the fields of pressure, translational-
rotational temperature, vibrational temperature,
and mole fraction of species. It should be noted
that the present scheme does not need the special
procedure to protect the numerical oscillation of
the bow shock wave near the stagnation stream
line, called the carbuncle phenomenon®.

Figures 7 and 8 show pressure and heat flux
distributions along the body surface. The heat
flux at the stagnation was 41.6kW/m’. These
value must be verified by comparing with the
experimental data, because it is difficult to
estimate the heat flux distribution on the body
surface.
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Conclusion

In the present study, an improved Flux-Vector
Splitting method was applied to a nonequili-
brium chemical reacting hypersonic flow around
OREX configuration selected at the High
Enthalpy Flow Workshop. The results show the
validity of the numerical method in shock
capturing, monotonicity, and robustness. Further
comparison between numerical solution and
experimental data is required.
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Figure 1 Grid configuration: 32x64
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Figure 2 Pressure contours. Figure 4 Vibrational temperature contours.
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Figure 3 Translational temperature contours. Figure 5 Mass fraction of species distributions
along the stagnation stream line.
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Numerical Analysis of
Thermochemical Nonequilibrium Hypersonic Flow
around Blunt Body

Takuji KUROTAKI
Kamakura Works, Mitsubishi Electric Corporation, Kamakura, Japan

Abstract

Numerical analyses of chemically and thermally non-
equilibrium hypersonic flow around a blunt body are carried
out. Several types of flow; Problem I (Sphere cases),
Problem II. 1-3 (Orex cases) and Problem IV. 1-2
(Spherically Blunted Cone cases) specified in the "High
Enthalpy Flow Workshop™ are investigated.

Axisymmetric full Navier-Stokes equations which have
chemically and thermally nonequilibrium effects are
considered by using Park's two-temperature model and the
vibrational relaxation model from the SSH theory. For the
time integration, an efficient numerical algorithm of an
implicit finite difference method is used, which consists of
the combination of LU-SGS scheme and the implicit
diagonal method for a source Jacobian matrix. For
convective terms, AUSMDYV scheme generalized into the
nonequilibrium flow case is applied.

Some numerical results of each flow cases are
presented and discussed. All cases indicate that the flow
inside the shock layer is in strong nonequilibrium and very
complex real gas effects are observed. It is shown that
fairly reasonable results can be obtained with both
numerical methods and physical models applied here.
However, numerical results of some cases indicate that
more careful analyses and comparison with experimental
results are necessary in order to clarify the more complex
flow structures in the back flow region.

1. Introduction

When designing reentry vehicles such as capsules or
space shuttie-type space planes, it is important to predict
the very severe aerodynamic heating around the body at an
high altitude. However, it is almost impossible now to get
all the solutions from only wind tunnel experiments since
their flight is at high Mach number and the temperature
inside the shock layer usually becomes very high.
Therefore, numerical analysis is a hopeful approach and it
is now becoming a main tool to get information of the
flow at real flight conditions.

Because the flow contains the strong shock wave, the
numerical scheme should be the one with high resolution
and robustness for discontinuities. Furthermore, the
presence of real gas effects such as dissociation or

ionization etc. in these flight regime complicates the flow
characteristics drastically and even the influence of chemical
and thermal nonequilibrium should be sometimes
considered. Therefore, careful validation of both the
numerical scheme and the physical models are necessary.

In this paper, the numerical methods and physical
models applied in the analyses of the problem specified in
the "High Enthalpy Flow Workshop" are mentioned and
several numerical examples of the results are presented and
discussed. The flow cases analyzed in this study are
Problem I (Sphere cases), Problem II. 1-3 (Orex cases) and
Problem IV. 1-2 (Spherically Blunted Cone cases).

2. Governing Equations and Numerical Methods

We consider axisymmetric full Navier-Stokes equations
as governing equations. Air is assumed to have 7 species (
02, N2, O, N, NO, NO*, e" ) and steady and laminar flow
is considered for all cases.

In order to include thermal-chemical nonequilibrium
effects in numerical analyses, Park's two-temperature model
is used [1]. In this model, an assumption that the
translational and rotational energy modes are in equilibrium
at the translational temperature T, while the vibrational,
electronic and electron-translational modes are in
equilibrium at the vibrational temperature Tv, is employed.

The governing equations under these assumptions in the
Cartesian coordinate system are

R, (E.E)+2(F-F)+aH=S+0oH
TR )ay( )+oH=S+oH,, (1)

where

o= ‘ (1) t{or a two-dimensional flow @
or an axisymmetric flow
(o | [ oel+p ] [ pw ]
pv puv pvZ +p
Q=| E JE=| uE+p) [F=| vWE+p) [}
Evib+Ec u(Evib+Ee) V(Evib+Ee)
L ps L Psu ] L PV

and the vector Ev and Fv are a set of elements of viscous
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terms in the & and n-direction respectively. The vector S is
a set of elements of source terms. H and Hv are a set of
elements of convective and viscous terms respectively added
only when the flow is axisymmetric. In eq. (3), the
quantities p, p, E,, E;, and E, denote density, pressure, the
total energy per unit volume, the vibrational energy per
unit volume and the electronic energy per unit volume
respectively. The quantities u and v are velocity
components. The subscript "s™ denotes a species of air.

For chemical reaction rates, the model proposed by Park
is used, and ard reaction rate is assumed to be the
function of YT Tv and the following twenty-four chemical
reactions are assumed,

(1) 02+4M = O+0+M, M =02, N2, O, N, NO, NO*, e
2) N2+M < N+N+M, M = 02, N2, O, N, NO, NO*, e
(3) NO+M = N+O+M, M = 02, N2, O, N, NO, NO*, ¢
(4) O+NO < N+O2

(5) O+N2 & N+NO

(6)O+N = NO*+e.

Transport properties such as viscosity, thermal conductivity
and diffusion coefficients are calculated from the kinetic
theory described in [1], [2].

The governing equations (1) is solved by a finite
difference method after non-dimensionalized and transformed
into the general coordinate system. In this study, the
implicit formulation is used and Lower-upper symmetric
Gauss-Seidel (LU-SG8) scheme [3] is applied for the time
integration of the system. In this scheme, no matrices need
not be inverted and, especially for the use of a parallel
computer, very high efficiency can be achieved since it can
be completely vectorizable. Some difficulties arise,
however, when LU-SGS scheme is directly applied to the
flow with finite-rate chemistry because coefficient matrices
include a Jacobian matrix of source vector S which is
dense. In order to avoid these difficulties, the diagonal
implicit method (4] is applied in which the Jacobian matrix
of S is approximated to a diagonal matrix whose elements
are the function of characteristic time for chemical reactions
(4, 51.

Since the hypersonic flow, in general, contains very
strong shock wave systems, the numerical scheme with
high resolution and robustness should be used for the
evaluation of convective terms . Most of such high
resolution schemes are categorized as Flux Difference
Splitting (FDS) or Finite Vector Splitting (FVS). Roe
scheme is one of the most popular one among FDS
schemes, however it has a serious problem, so-called
"carbuncle phenomenon”, in capturing a strong shock
around a stagnation region. FVS schemes are more robust
in multi-dimensional calculations but they are too
dissipative in shear layers such as boundary layers (o apply
for Navier-Stokes flow analyses.

Recently, some new approaches to develop less

dissipative upwind schemes are reported, in which the
large dissipation of FVS is reduced by introducing the
flavor of FDS into FVS schemes. One of examples of
them is Advection Upstream Splitting Method (AUSM)
and some variations of it are reported [6].

In this study, AUSMDYV proposed by Wada and Liou [6)
is applied after being generalized into nonequilibrium flow
cases. This scheme is mixture of AUSMD-type (flux-
difference-splitting-biased) schemes and AUSMV-type
(flux-vector-splitting-biased) ones and is recognized as an
improved AUSM scheme because numerical overshoot
immediately behind the shock is removed. In order to
remove the carbuncle phenomenon in calculating.the flow
which contains a very strong shock in front of the
stagnation region, their approach is also applied, in which
Hanel's FVS scheme is used only immediately after the
shock wave.

3. Physical Models for Vibrational Relaxation
Time
In order to include thermal nonequilibrium effects in the
numerical analyses, the following vibrational relaxation
term which appears in the vibrational-electronic energy
equation plays an important role,

Evib.s - Evibs
v C 4
—tm @)

where Evib s is the vibrational energy of molecule s per unit
volume, Ts.qis a vibrational relaxation time of molecule s
colliding with a chemical species q and " ™ " denotes that
the quantity is in thermal equilibrium.

Usually a semi empirical law proposed by Millikan and
White based on the the Landau-Teller theory is used in order
to calculate Ts.q,

o= exp [1.16x107y, 1728, *3(T '7- 0.015p, (1) - 18.42] (5)
Pliq= CXP q q

where p is pressure in atmospheres, ms.q is reduced mass in
grams and Ov,s is vibrational characteristic temperature of
molecule s. However, it is well known that this model
underestimates Ts,q when translational temperature is more
than about 8,000 K since this model neglects the collision
frequency and Ts.q loses even physical meaning at a certain
temperature as it becomes smaller than the collision time.

In this study, the another model from the SSH theory
proposed by Schwartz, Slawsky and Herzfeld [7, 8] in
1950's is applied to evaluate 1s.q. Under the assumptions
that the molecule is a harmonic oscillator and only
monoquantum transition of vibrational energy modes is
allowed, 1s.q is expressed as,

1/ Tsq = Ze4P1o(As, Ag)[1-exp(- 0w/ T))]  (6)
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where Zodu is collision frequency of molecule s with a
chemical species g, P10 (As, Ag) is transition probability in
which vibrational energy level changes from 1 to 0.
Furthermore, transition probability P10 (As, Aq) in the
SSH theory has the following form,

Pio(As, Aq)=A/(Z Z0 Z¥ Z39) ()

where A isa collision cross-reference factor, Zb is a steric
factor, Zv is a vibrational factor, Z1® is a translational
factor and Z+? is a factor from the attractive force.

Figure 1 and 2 show 14, o, for 02-O2 collision and
Tpone f0r N2-N2 collision respectively from both the
Landan-Teller type model and the model from the SSH
theory. There is clearly a difference between these models at
very high translational temperature more than about
10,000K. Although the model from the SSH theory can
reasonably predict a vibrational relaxation time at high
temperature for molecule-molecule collision, it is reported
that there is often disagreement between the result from
this model and experimental data for molecule-atom
collision such as 02-O or N2-O collision [8]. For these
cases, the following semi empirical equations are used
under the assumption that the relaxation times have the
same temperature dependency as that in eq. (6),

P T020 = g e exp (33.4 T .2498 )

pvzo=T exp(49.7 T - 2255)

Figure 3 shows 14, o and Ty, for both the Landau-Teller
type model and the model from the SSH theory. For other
relaxation times, we made the following assumptions,

P TNONO = T exp (75.6 T .2763 )

P TO2N =P T02.0 , P TN2,N = P TN2,0 %)

P TNos =P InoNo (s=02, N2, O,N,NO")
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Fig.1 Relaxation time 7, o, for 02-Oz collision
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Fig.2 Relaxation time Ty, y, for N2-N2 collision
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Fig.3 Relaxation time 1, o for 02-O collision
and Ty, \ for N2-N collision

4. Wall Boundary Conditions

In this study, the gradient of pressure perpendicular to
the wall is assumed to be zero, and for velocities and
translational temperature, no slip boundary condition is
applied along the wall. The wall vibrational temperature
Tv,, is assumed to be the same as the translational
temperature Tw at the wall which is specified in each flow
cases.
The treatment of densities of each chemical species
depends on whether the wall is catalytic or non-catalytic.
When the wall is non-catalytic, the gradient of mass
fraction of each species s perpendicular to the wall is
assumed to be zero;

Thic dociiment i nrovided hv TAXA



MR AR v v # Y LR H

oc,
—==0 10
an
where c. is a mass fraction of a chemical species s, and 11 is
coordinates perpendicular to the wall.

When the wall is catalytic, all O and N atoms colliding
with the wall are assumed to become O2 and N2 molecules
respectively through the recombination process at the wall,
while for other species such as NO, NO*, e, the wall is
assumed to be non-catalytic and eq. (10) is applied. At so-
called "p-plane” which is one mean-free path away from the
wall, the mass flux of N atoms, for example, is expressed
as using the Fick's law,

~kpn=-p DN, s kpn=-p N2 (1))
o an

where ks is catalytic velocity (=Y Yk Tw/(2ms) ) |y
is catalytic efficiency, k is Boltzmann constant, ms is a
mass of one particle of a species s and D is a diffusion
coefficient. By discretizing eq. (11) and under the
assumption that pN = 0 at the wall, we can get the
expression of density of N2 molecules at the wall in the
following form,

= o4 DN | P
w= += py, 12
PN (pNu-z‘ Dr PN, 2 D (12)
where the subscript "j = 2" denotes that the property is at
the grid point next to the wall.

5. Numerical Results and Discussions

Figure 4. (a) - (d) show grid systems used in this study.
The number of grid points is 81 in E-direction (along the
body) and 81 in n-direction (perpendicular to the body) for
Problem I and II and 161 X131 for Problem IV. An
algebraic method is applied to generate all grid systems.

So-called "Cell Reynolds number” at the wall around
the stagnation region for each cases are determined after
preliminary analyses and the quantity 0.2 for Problem I and
II1.1, 2.0 for Problem II.2 and I1.3 and 1.0 for Problem IV
are used. These preliminary calculations show that we
should be very careful to determine a grid interval in 7-
direction at the wall especially for the case in which the
wall temperature is low since this interval has a great
influence on the heat flux at the wall even for such a
sophisticated scheme as AUSMDYV applied in this study.

Figure 5. (a) - (c) show the temperature distribution for
Problem 1.1, 1.3 and L5 respectively. These translational
temperature distribution shown on the upper side are
almost the same, while the vibrational temperature
distribution shown on the under side depends on the free
stream density condition. For the case in which the free

stream density is relatively high such as Problem L5, the
vibrational temperature distribution become to resemble the
translational one since the flow in the shock layer
approaches the thermal equilibrium.

The heat flux Q along the wall for all cases of Problem
I are shown in Figure 6, 7 and 8. The maximum heat flux
at the stagnation point of a catalytic wall case is about 1.5
times higher than that of a non-catalytic case.

Figure 9 and 10 show the examples of results for
Problem II.1 whose free stream conditions are
corresponding to a flight at a very high altitude. The
pressure distribution in Figure 9 and the translational and
the vibrational temperature distribution along the
stagnation streamline in Figure 10 indicate that the shock
wave is thick and the flow inside the shock layer is in
strong nonequilibrium,

(a) Problem 1 (b) Problem I1.1

(c) Problem 11.2-3
Fig4 Mesh system

(d) Problem 1V
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T distribution

(a) Problem 1.1 (b) Problem 1.3 (c) Problem L5

T, distribution

Q / Qmax
5

(0.=0.00156 kg/m) (p.=0.0034 kg/m)  (p-=0.0058 kg/m>)

Fig. 5 Temperature distribution for Problem I

Qmax(non-catalytic) = 8.317e+6 W/m*2

Qmax {catalytic) = 1.2896+7 W/m*2
2.0
1.8
Caulyoc wall ( Prodlem 1. 2)
1.6 /L
1.4 .—""‘“‘*‘\"c‘{.
é 1.2 \\\
§ T = \
(e o5 %M“‘B‘ ]
0.6
Non-caralvtic wall { Problem L 1) “"\; \‘1
04 -‘R\
0.2
0.0
0.0 0.2 0.4 0.6 0.8 1.0

y/R

Fig. 6 Heat flux distribution for Problem I.1 and 2

Figure 11 shows the translational temperature
distribution for Problem II.2. Since the altitude
corresponding to the free stream conditions for this
problem is lower than the one for Problem Il.1 and the free
stream density and pressure are relatively high, very sharp

Omax(non-catalytic) = 1.435e+7 W/m*2
Qmax (catatytic) - 2.176047 WIm*2

Canlytic wall ( Problem 1.4)

A

"\_{

/
Ly

ijﬂul!!_t_' wal

(Pmbkml.})_“\\ \

0.2 0.

4 0.6 0.8 1.0
yiR

Fig. 7 Heat flux distribution for Problem 1.3 and 4

Qmax(non-catatytic) = 1.124e+7 W/m*2
Qmax (catalytic) = 1.599e+7 W/m*2

2.0
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Canlysc wall { Prodlem L 6)
1.6 71
1.4 ——y
3 12
g \\
< o U T oy
o 4
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0.6
Non-casalvic wall ( Problem 1 s.:“"-,__
0.4 b~
N \‘%
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0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 8 Heat flux distribution for Problem 1.5 and 6

shock wave is captured. A comparison of the heat flux
distribution along the wall for the non-catalytic (Problem
I1.2) and the catalytic (Problem 11.3) case in Figure 12
shows that the stagnation heat flux of a catalytic wall case
is about 1.8 times higher than that of a non-catalytic wall
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Fig. 9 Pressure distribution for Problem I1.1 Fig. 11 Translational temperature distribution for
Problem I1.2 ( Tmax = 1.32 X10% K)

Tmax = 2.42686+4 K

Tvmax = 7.1788e+3 K Qmax(non-catalytic) = 2.898e+5 W/m*2
xmax = 24307 m Qmax (catalytic) = 5.3020+5 Wim*2
3.00+4 20
1.8
- L 16 B Sayie vall (Problem 13)
T T\{
T
20044 g \ _ 14
< 5 12
> z"f S N
P 1504 2 1w
" f T \ ° s T““%"vn. i\-m . ;
ot LT . \ "‘\‘“‘\ et ®
5.08+3 ~ 4 \ 0.4 \ o
.00+ X ¥ 02 \ No:n—anl)nic wall ( Problem 11.2)
0.06+0 rrnes F\ 0.0 l I
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 .8 1.0
x y/R
Fig.10 Translational and vibrational temperature Fig. 12 Heat flux distribution for Problem I1.2
distribution along the stagnation streamline
for Problem I1.1
case. Especially, the latter include the rapid expansion at the

Problem IV is a very challenging case for a numerical shoulder, the separation of the flow on the backside of the
analysis since both the very strong non-equilibrium shock body, the shear layer and the recompression shock in the
layer around the forebody and the very complicated flow back flow region, which are now becoming to bc main
structures around the afterbody must be captured. subjects of research in hypersonic aerodynamics.
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Figure 13 and 14 are the translational and vibrational
temperature distribution for Problem IV.1 respectively.
They clearly show these flow characteristics mentioned
above. More careful observation of the numerical results
indicates that the flow in the recirculation zone becomes
supersonic of about Mach 2, therefore, the shock appears at
the comer just after the body.

Figure 15 and 16 show the heat flux distribution along
the wall for the non-catalytic (Problem IV.1) and catalytic
wall case (Problem IV.2) respectively. The small
disturbance of the heat flux just after the body observed in
both cases also indicates the existence of the shock in the
recirculation zone. However, the increase of the heat flux
after the reattachment point ( where x / L is about 0.6) is
not so high as expected. More careful analyses and
comparison with experimental results are necessary in order
to determine whether this is real physical phenomenon or
caused by some numerical errors such as mesh intervals or
physical models applied here.

Fig.l‘i Vibrational temperature distribution for
Problem IV.1 ( Tvmaz = 6.26 X10° K )

Qmax(non-catalylic) « 3.299e+6 W/mA2

1.0
ok
b
X 06
£
N
o
04
0.2
0.0 T A TG -
0.0 0.2 0.4 0.6 0.8 1.0
x/t
Fig. 13 Translational temperature distribution for Fig 15 Heat flux distribution for Problem IV.1
Problem IV.1 ( Tmax = 9.20 X103 K)) ( Non-catalytic wall case )
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QOmax (catalytic) - 4.673e+6 Wrm*2
1.0
0.8
x 06
E
o
[e]
0.4
0.2
0.0 0.2 0.4 0.6 0.8 1.0

x/L

Fig 16 Heat flux distribution for Problem IV.2
( Catalytic wall case )

6. Conclusion

In this paper, brief outlines of physical assumptions
and numerical methoas applied to calculate several non-
equilibrium hypersonic flows are mentioned and some
numerical results of them are presented and discussed.

Axisymmetric full Navier-Stokes equations which have
chemically and thermally nonequilibrium effects are
considered by using Park's two-temperature model and the
vibrational relaxation model! from the SSH theory. For the
time integration, an efficient numerical algorithm of an
implicit finite difference method is used, which consists of
the combination of LU-SGS scheme and the implicit
diagonal method for a source Jacobian matrix. For
convective terms, AUSMDYV scheme generalized into the
nonequilibrium flow case is applied.

Several types of flow cases are investigated; Problem I
(Sphere cases), Problem I1.1-3 (Orex cases) and Problem
IV. 1-2 (Spherically Blunted Cone cases). All cases indicate
that the flow inside the shock layer is in strong
nonequilibrium and very complex real gas effects are
observed. The comparison of heat fluxes between the
catalytic and non-catalytic walls shows that the stagnation
heat flux for catalytic wall cases are about 1.5-1.8 times
higher than those for non-catalytic cases.

It is shown that fairly reasonable results can be obtained
with both numerical methods and physical models applied
here. However, numerical results of some cases indicate
that more careful analyses and comparison with
experimental results are necessary in order to clarify the

more complex flow structures in the back flow region, for
example, of Problem IV in this study.
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NUMERICAL SIMULATIONS OF THE HYPERSONIC FLOWFIELDS
AROUND OREX

Masahiro NAKAO
Mitsubishi Heavy Industries, Ltd.

The hypersonic flowfields around the OREX have been simulated by the MHI hypersonic Navier-
Stokes code CHRIS( Computer code for Hypersomc Reentry Information Synthesis). This code is based on
the upwind, implicit, finite-difference method using Roe's Riemann solver with MUSCL(Monotonic
Upstream Schemes for Conservation Laws) type hlgher-order accurate formulation of the convective terms.
The real gas effects are taken into consideration using a VEG(Variable Equivalent Gamma) method with
simplified curve fit of equilibrium air properties. Computations for the OREX are done under the
assumption of equilibrium gas and perfect gas. Comparisons between the results obtained for real gas and

perfect gas calculations are discussed.
1. INTRODUCTION

Recent progress of computing power has
enabled us to simulate complex and high speed
flowfields numerically around complex
configurations of aircraft. The flowfields around a
reentry vehicles are complex and provide one of
the most challenging problems in the application of
the computational fluid dynamics. One of the
problems of the development of the hypersonic
CFD code is the lack of the test data for code
validation. Because existing wind tunnel facilities
may not realize such a high stagnation enthalpy
flow.

The OREX(Orbital Re-Entry Experiment)
flight test was done in 1994. The one of objectives
of the test is to get hypersonic flow data for CFD
code validation. The heat transfer, wall pressure,
and electron density data were acquired in the
flight tests. In 1995, the high enthalpy workshop
was held in NAL(National Aerospace Laboratory)
and simulation of the flowfield around OREX is
included as one of the problems.

In this paper, the flowfield around the OREX
was simulated using our hypersonic real gas
Navier-Stokes code. Computations were done
under the assumption of an equilibrium gas and a
perfect gas.

2. GOVERNING EQUATIONS

Compressible, Reynolds-averaged Navier-
Stokes equations are formulated in the body fixed
frame.

61+1?‘~+8 +?{ = Re'1§
g+ Ln+ 0 g€

where

p pU
~ pu ~ pulU+ExP
Q=1{pv F-=1 pvU+EyP
J J

P pwU+EP

(e+P JU-EP

pvV | pW
R puV+nyP N puW+TxP
G=1 pvwangP | H=14 pvw+tp
WV I pwwatp
(e+PJV-myP (e+P)W-5iP
M

and F, G, H are the convective flux vectors and S is
the viscous flux under the thin layer approximation.
I is the Jacobian of transformation and the sign®
indicates that the quantity is normalized by the
Jacobian. Re is the Reynolds number. The
primitive variables of Q are the density r, the three
mass fluxes ru, rv, and rw in the three coordinate
directions x, y, and z, respectively and the energy
per unit volume e. All these variables are
normalized by freestream reference values. The
velocities are normalized by the free stream speed
of sound. The real gas effects are taken into
account using the VEG(Variable Equivalent
Gamma) method »2 under the assumption of
chemical and thermal equilibrium state.

In the general expression the equation of state is
writien in the following form:

P =P(p, pei) V)

where ei is specific internal energy.
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Unlike the perfect-gas case, explicit expression
for the pressure as a function of density and
internal energy is not available. The VEG method
assumes that pressure is written in the same form as
perfect gas:

P=pei(y - 1) A3)

where gamma Y is not constant but the function of
density and internal energy:

Y =Y (0 ei) @

This ? is called equivalent gamma and is calculated
from the efficient simplified curve fits developed
by S. Srinivasan and C. Tannehill?. These curve
fits have the save range of validity of NASA RGAS
data, namely, temperatures up to 2500 K and
densities from 107 to 103 amagats (p/Po, P :
density at reference condition at 1 atm and 273.15
K). Utilization of this equation of pressure requires
no essential change in the expression of Roe's
approximate Riemann solver, time integration
scheme and boundary conditions for the perfect
gas- The gamma and pressure are calculated using
the curve fits at each time step. In the real gas
Navier-Stokes code, the viscosity and thermal
conductivity should also be calculated in the
equilibrium air. These coefficients are obtained
from curve fits which have been developed again
by Srinivasan et. al%. A modified version of LU-
ADI time integration algorithm® is used in the
present code.

3. NUMERICAL ALGORITHM
Generalized Riemann Solver

In this code generalized Roe's Riemann solver
is adopted to calculate inviscid flux. The essence of
Roe's scheme is the solution of local Riemann
problems stemming from the consideration of
piecewise uniform states between cell interfaces on
an initial data line. For simplicity, non-conservative
form of the equation in one-dimensional case is
considered;

Q+AQ,=0 &)

where A is a (locally constant) Jacobian matrix for
each pair of initial data(Q,,Q;), where the

subscripts R and L denote the right and the left side
values of the cell face. The requirements for the
matrix A are described in Ref.4 and the major

property is
AF = AAQ (©)

where AQ=0Qz-Q,
obtained using

and AF =F;-F, is

A=AQ @
The above expression is known as a Roe-
averaged state and was derived by Roe for a perfect

gas9. The components of the average state of K@ )
are obtained as follows

P =VP:he
u=ou, + (1-a)ug ®)
H=aH, + (1-0)H,

where

a= P ©

(P +VPs)
An important quantity in the approximate
Riemann solver is the column vector R'AQ. Its
components are the jumps in the characteristic

variables. It can be expressed simply in terms of
AP, Ap and Au as

Ap - AP/at
R'AQ = _;-(Ap/az + Au/a) (10)

%(Ap/az- Aufa)

This has the same form as for perfect gas. In the
real-gas case, pressure derivative AP is given as

AP =y Ap + XA€ 11

where £ = pe, and the derivatives are denoted by
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Here the subscript € (p) denotes the partial
derivative of p with respcct 1o p(€) by holding
€ (P) constant.

Using Eqs. (3) and (12) Eq.(11) can be
expressed as follows:

3y ~ 3y
AP =e— - —_ 13
€apAp+{(y 1)+aE}Ae (13)

In Eq (13), gamma varies more slowly than the
other thermodynamic variables since gamma
remains between 1 and 5/3, for any combination of
p and € that may vary several order of magnitude .

and will be very small and can be assumed to be
zero. Then Eq.13 may be approximated as

AP =(v - 1)ae (14)

This is the form of pressure derivative which
corresponds 10 that of Grossman et al. 7.

Chemical Component Calculation

Chemical components of the equilibrium air
are calculated by the method of Ref.9. Eleven
chemically reacting species-O,, N,, O, NO, N,
NO+, e-, N+, O+ Ar, and Ar+* - are included. The
method involves the algcbraic combination of the
equilibrium, elemental mass-balance, and charge-
neutrality equations and solves the resulting
cquation by an iterative method.

Numerical Grid

Figure 1 shows the OREX configuration. This
configuration simulates the nose shape of the
HOPE.

In the hypersonic {low calculations, the grid
adaptation technique is cffective for capturing
strong shock waves. In this calculation the out
boundary of the grid is fiticd 1o the bow shock by
estimating pressurc derivatives. Figure 2 shows the
initial grid. Figure 3 shows the boundary fitted
grid.

je———— 1060.8

{Xe,Yc)
Xc= 9842
Yc = 1664.3

173556

Fig. 1 OREX Configuration

\

//‘

\
\
\

A\

IR
AR

\
it vy

:

Fig. 2 Initial Grid for OREX
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Fig. 3 (b) Grid for real gas case

4. RESULTS

The flow condition is the free strcam velocity
of 5562my/s, free stream temperature of 248.1 K,
free strecam pressure of  23.6 N/m2 and wall
temperature of 1519 K The calculations were done
under the assumption of real gas and perfect gas.

Figure 3(a) shows the numecrical grid of the
perfect gas case and figure 3(b) shows that of the
real gas case. The number of the grid points of
these two cases is the same and is 40x8x350 totaling
up to about 16,000. The difference of the out
boundary of the grid between the real gas and

perfect gas is due to the difference of the shock
stand-off distances. Figure 4 shows the comparison
of computed pressure distribution between perfect
gas and real gas. The shock stand-off distance of
the real gas case is significantly shorter than that of
the real gas case.

Perfect gas

Real gas

\

Fig. 4 Pressure Contour Plots

Figure 5 shows the comparison of computed
tempcrature contour plots. Figure 6 shows pressure
distributions along the body surface. The y/r=0
point is the stagnation point. The pressure
distribution of the real gas casc is similar to that of
the perfect gas case. Figure 7 shows temperature
distribution along the stagnation line. The peak
temperature of the perfect gas case is three times
higher than that of the real gas case.
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— T(perfect)
K === T(real)
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1000
800
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4000
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Fig. 7 Temperature Distribution

Real gas along the stagnation line

Figure 8 shows the heat transfer distributions
along the body surface. The maximum heat transfer
of the perfect gas case is slightly higher than that of
the real gas case.

10nS 2 | ———  Qperfect)
Q(x10°)W/m" | T-_-_- O(real)
35 - RO SOOI SOOI
3 X \\
2505 N\
2 e SoaiN
~ T
1.5 b N A—
1
. : : ' 05 .................... ¢
0 ’
0 ' - : ; 0 02 04 06 08 | S
0 02 04 06 08 1 yIr
e Fig.8 Heat Transfer Distribution along the
) body surface

Fig. 6 Pressure Distribution
along the body surface
The fluctuating characteristic ncar the
stagnation point is thought to be caused by the
artificial dissipation that added to cure the
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carbuncle phenomena. The carbuncle phenomenon
is one of the numerical instabilities in capturing a
strong shock wave. The Roe scheme has this
problem. The dissipative scheme, however, cannot
catch the strong shock sharply and cannot simulate
the heat transfer ratio accurately.

Figure 9 shows the air component distribution
along the stagnation line. N2 and O2  are
dissociated and NO and O appear in the region
between the bow shock and the body. This
dissociation absorbs the internal energy of the air.

—e— 02
—8— N2
—_—n— O
—¥— N

Mole fraction NO

1

0.8 )

0.6 +HH ==

0.4 | .

0.2 D

HHHHHHHHHHH

0 0.2 0.4 0.6 0.8 1
x/L

Fig.9 Chemical Component
along the stagnation line

5. CONCLUSIONS

The flowfields around OREX is calculated by
the MHI Navier-Stokes code(CHRIS). The real gas
and perfect gas case are calculated. Results show
the significant differences between the two cases in
the shock stand-off distance and the temperature
distribution. Some glitch due to the antificial
dissipation is observed at the heat transfer
distribution. The adaptation of a more robust and
less dissipative scheme is now under the study.
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Abstract

We have developed a CFD code to calculate a hyper-
sonic flow around a reentry body including the base
flow region. In order to inspect our CFD code we
calculate Problem II OREX II-1, 2, 3 and 5 in this
workshop. The problems II-1, 2 and 3 are laminar
nonequilibrium gas flow. The result of Problem II-5
is used for the initial value of the reacting flow cal-
culations of Problem II-2 and 3. For the thermally
and chemically nonequilibrium flow calculations, 11-
species air is considered, along with the Park’s two-
temperature model. For the calculation of flowfield,
the governing equations are full Navier-Stokes ones
and are solved using a non-MUSCL-type second-
order explicit upwind-TVD scheme by Harten-Yee.
For the problem 1L.1, 2 and 3, a semi-implicit method
is applied to all species-mass-conservation-equations
because of stiff source terms.

Introduction

Japanese first purely-national rocket, launched
successfully 1994 February 4, carried an experimen-
tal reentry vehicle named OREX to orbit. The vehi-
cle traveled at a hypersonic velocity in high altitudes
where the air density is low. In this case, the flowfield
behind the bow shock formed over the vehicle tends
to be nonequilibrium chemically and thermally; the
molecules N, and Oy internally excite, dissociate and
ionize in the shock layer and entailing downstream.
Thus, we must consider internal excitation, dissoci-
ation and ionization. In other words, thermally- and

*Graduate Student, Department of Aerospace Engineering,
Nagoya University.
**Professor, Department of Aerospace Engineering, Nagoya
University.
tResearcher, 5th Department of Mechanical Engineering
Research Laboratory, Hitachi Ltd.

chemically-nonequilibrium 11 species (02, N5, O, N,
NO, 0F, N}, O*, N*, NO* and e~) must gener-
ally be considered, using a model consisting of 17
chemical reactions and two temperatures, for exam-
ple.

We have developed a CFD code to estimate the
heat transfer on the surface of the reentry body like
OREX because of its importance. In order to inspect
our CFD code we participate High Enthalpy Flow
Workshop and we calculate the Problem II OREX
II-1, 2, 3 and 5. The flight conditions of OREX of
these problems are shown in Table 1.

Mathematical Description of Hypersonic
Flow

A system of governing equations that describe
a three-dimensional, axisymmetric viscous flow of
multi-component reacting air is given in terms of the
cylindrical coordinate!), after setting the angle of at-
tack equal to zero; i.e. the equations are reduced to
spacially two-dimensional system (r, z). We assume
(a) the flow is in thermally non-equilibrium, (b) the
radiation pressure and body forces are of negligible
order, and (c) the molecular diffusion is binary only.
These equations are then transformed into a general
body-oriented curvilinear coordinate system (&, n),
and then rearranged into a non-dimensional strong-
conservation-form as follows:

8§ OE OF 1 |8E, A &8F, - -

B 3—E+E)-—-§;[TE-+ 67;]+H+H" (1)
where H and H, are the mass production and

cylindrical coordinate terms, respectively. When we

are calculating 11-species flowfields using the Park

2-temperature model, we need one more equation,

which is the vibrational energy conservation

= 8, .1 8, ,
aI T e+ gr(U T e l) + (U el V)
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1[0 1 or, or,
== [a—gJ (f,ReA =2 + £ Re) &)

8 _, oT, T,
+5.7 (n,Re)«—a—; + 0 ReA )]
J—l

r

[(Pe Fee)v— ,\‘9;;']

4+J71 (37,2 :f 0i + 77"‘) p(T = Ty)

=1

-P. [5‘95 (v7'v) + -(;9—17 (J“V)] . (2)
See the results of Park? for further information.

In order to consider a thermally- and chemically-
nonequilibrium gas, a two-temperature model is used
here: T indicates the translational and rotational
temperature, while T, the vibrational and electron
temperature. When 11 chemical species (N2, Oz, N,
0, NO, N}, 0F, N*, O*, NO* and e) are consid-
ered in the analysis, we utilize 17 chemical reactions
shown in Table 2.

The forward k; and backward k; reaction rates
of j-th reaction are given by the modified Arrhenius
law as a function of T,, which is defined in the two
columns of Table 2:

ky = CT."exp(—E\ [kT,), ks = ky[K:(T3), (3)

where the equilibrium constant Kc is given by the
curve-fitting formula

K. =exp(A1+ A2 InZ + A3 Z + Ay 22 + As Z°). (4)

Here Z = 10000/T,.

When the present two-temperature model is ap-
plied, the viscosity and thermal conductivity are cal-
culated from the Yos formulation which is based on
molecular collision cross section. Using the formula-
tion, the following three thermal conductivities are
introduced; (a) translational mode including the ro-
tational energy, (b) vibrational mode, and (c) elec-
tron translational mode. The first is the function
of the translational temperature 7', while the others
are of the vibrational temperature 7,,. We can treat
the thermal conduction of each mode separately. For
more explanations, see Lee3).

Calculation of Flowfield

For the calculation of flowfield, the governing
equations (1) and (2) are solved using a non-MUSCL-
type second-order explicit upwind-TVD scheme by
Harten-Yee!) and generalized Roe’s average by Liu
and Vinokur®. For the problem II.1, 2 and 3, a
semi-implicit method is applied to all species-mass-
conservation-equations because of stiff source terms.

Figure 1 is a typical example of body-oriented grid
system. The grid system is generated by solving a

hyperbolic equation. The minimum value of An is 50
um and the interval ratio between adjacent grids is
limited below 1.04, therefore 150 points are needed
for n direction. The innermost surface n=0 agrees
with the body surface. The axis of symmetry is lo-
cated in the center of two adjacent grid points. At
the beginning of calculation the most outer bound-
ary of calculation domain is set artificially. When
the location of bow shock is almost fixed, the outer
boundary and inner grid system are adjusted along
the n direction. After that the flowfield calculation is
continued. For each problem, this re-griding is done.

Results and Discussions

At first we calculate the perfect gas flow cases of
Problem II-1 and 5 using the same CFD code for the
perfect gas which is made up by ourselves. After we
get converged solution of perfect gas, the nonequi-
librium calculations are started from these solution
as the initial inputs. The CFD code witch is used
for the thermally and chemically nonequilibrium gas
flow calculations is same for Problem II-1, 2 and 3
except for the initial input and free stream and wall
conditions.

Figure 2 shows the dimensionless pressure con-
tours. Since Problem II-1 is the low density and
high speed case, the bow shock is spread in com-
parison with other cases. That effect of low density
is seen from the dimensionless translational temper-
ature contours Fig.3 and vibrational one Fig.4. We
can see that in detail from Fig.7 which is the tem-
perature distributions along the stagnation stream
line.

The results of the heat transfer distributions along
the body surface are shown in Fig.5. The wall heat
transfers are calculated by following equation,

oT i o0Tv
Q T (A‘a_n)wall - (A"ﬂ\ua_n)wall

Ns
.. 0Tv D; 8Y;
- (‘\eAegx)wa" - z (pnhs'?i on ) (5)

i=1 wall

The value of thermal conductivities of translational,
vibrational and electronic excitation mode are listed
in Table 3. Heat conduction by translational mode
over body is calculated by Yos's formula and Was-
silewas’ formula for two-temperature model and non-
reacting flow, respectively. In Eq.(??) n is normal
vector to wall, then

8f _ (mebe + my&y) e + (72 + 1i)n

. (8)
on 2402

where f is some physical value, f¢ and f, are cal-
culated on wall by central-difference and foward-
difference, respectively.
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The maximum value of heat transfer along the
body surface, however, becomes lower in all results
of calculations. That lower estimate of heat trans-
fer comes from the entropy fix of Harten-Yee type
upwind-TVD scheme. The entropy fix is calculated
by following equations.

- || 2| > ¢ ,
() = {(:2 sy pl<s O

§ =81(léru+ &vl + aV/EF + €2) (8)

At the start point of calculation we set §, equal to
1.0, and decrease to 0.1 finally. The constant §; is
used to all of the calculation domain. According to
Eq.(8) the narrow the grid interval is, the smaller ¢
namely numerical viscosity becomes. Because of the
sufficient numerical viscosity the temperature gradi-
ent near the body is made smaller. The effect of
the numerical viscosity will be appeared in the dis-
tributions of mass fractions ( Fig.6 } near the sur-
face. In order to estimate the heat transfer on the
reentry body surface correctly we have to introduce
some high-resolution method for boundary layer to
our CFD code.

The vibrational temperature distributions along
the stagnation stream line are shown in Fig.7. As
seen from Fig.7 II-2, the vibrational temperature dis-
tribution has a sharp peak behind the shock front
similar to translational one. It will come from that
the electron pressure is ignored for simplicity when
TVD scheme is applied to the system of governing
equations which include the vibrational energy con-
servation. Therefore, we must re-examin the method
for solving the vibrational energy conservation equa-
tion.

In the pressure and temperature contour Fig.2 and
3, there is something the matter with contour line
around the axisymmetric line. According to our re-
cent study, however, that is reduced by using the
fractional step method for the calculations of two di-
mensional flow.

Conclusions

In this workshop, we can find several points that
we must improve our CFD code to simulate a hyper-
sonic thermally and chemically nonequilibrium gas
flow around a reentry body like OREX. First, more
higher resolution of boundary layer witch effect on
the heat transfer along the body surface is need to es-
timate the heat transfer correctly. Second, when we
consider the ionization and two temperature model
we must re-examin the method for solving the vibra-
tional energy conservation equation.

Further comparison between the results of numeri-
cal calculation and the experimental data is desirable

nZEF M AR R E e 295

after improvement of our CFD code in order to in-
spect its validity.
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Table 1: Flight conditions of OREX
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NN
RIS

N

W

W

N
W

Uoo (/5] | Too [K] | Poo [N/ | Tovart K]
1I-1 7450 186.9 0.1629 540
2
1I-3 5562 248.1 23.60 1519
IL5

3N
M

Table 2: Elementary chemical reactions and temper-

ature Ta contributing to each reaction rate

kg
Ta

ky
Ta

O+ M=0+4+0+M

No+M=N4+N+M
NO+M=N+O+M

Tl/ZTl}/2 TI/QTUl/Q

N:+O0O= NO+ N

NO+O= N+0,

Tli2T1/2 T1/2T172

0+0F 20,407

N*+ N, 2 NS+ N
O+ NO* & NO + ot

N, +0Y 204N}
N +NO* = NO+ Nt
02 + NOt & NO + OF
NOt*+N=2N}Y 40

T1/3Tv2/3 Tl/sTu2/3

O+N<=NO* +¢

O0+0=20F+e”
N+N=a2NFte

T1/2Tul/2 Tv

O+e =0 M 4e 46

N4e 2 Nt e e

T,

T,

Table 3: Value of thermal conductivities of transla-

tional, vibrational and electronic excitation mode

Problem II-1 1I-2
Tuan  [K] 540 1519
A W/m/K] [ 3.942 x 1072 | 7.652 x 10~*
X Am [W/m/K][2.537 x 1073 | 7.554 x 10~°
Xede [W/m/K] | 7.650 x 10~ [ 1.565 x 10~
Problem I1-3 II-5
Twarr  [K] 1519 1519
A W/m/K] [ 7.663 x 1072 | 8.042 x 10~°
X Am [W/m/K] [ 1.860 x 10~2 -
Xede [W/m/K] 0.0 -

Figure 2: Dimensionless Pressure Contours

131

Figure 1: An example of body-oriented grid system.
¢ xn=>51x150
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Figure 5: Heat Transfer Distribution along Body
Surface
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ABSTRACT

We have carried out hypersonic flow analysis around OREX(Orbiter Reentry Experiment)
and hyperboloid flare by solving axi-symmetric Navier-Stokes Equations. Our flow solver
is based on a finite volume implicit TVD upwind scheme. Convective fluxes are evaluated
by AUSMDV scheme in order to remove "carbuncle phenomena", that are unphysical solution
often appeared on hypersonic flow analysis around a blunt body. We also adopted a curve
fitting to estimate thermodynamic and transport properties of an equilibrium air.

Flow condition for OREX is correspond to a flight condition at altitude 56.%km, where
real gas effect should not be ignored. Therefore, we assumed this flow not only to be
a perfect gas, but to be an equilibrium air.

In the case of hyperboloid flare, flow condition is correspond to experiment by
Gottingen Ludwig Tube used cold gas. Numerical result of this problem suggests us that
the flow unsteadiness must be taken into account, in order to predict accurately the
aerodynamic and aerothermodynamic characteristics of a hypersonic flow including
seperations induced by the interaction between a shock wave and a boundary layer.

1. Introduction

In Japan, HOPE(H-II Orbiting Plane) tunnel tests to get all aerodynamic heating

development program has been proceeding by
NAL (National Aerospace Laboratory) and
NASDA (National Space Development Agency of
Japan). In a design of such a winged reentry
vehicle, aerodynamic heating in a hypersonic
flight regime is one of some critical points
over a wide range of flight speed.

In order to investigate the characteristics
of aerodynamic heating in a hypersonic flow
with "real gas effects", we have carried out
some wind tunnel tests using a high enthalpy
shock tunnel in recent years''’. But we
cannot depend only on high enthalpy shock

data that we need, because the technique of
high enthalpy shock tunnel testing are not
matured yet, especially in the decision of
free stream conditions and the reproducibility
of test data.

Therefore, CFD is required to supplement
the wind tunnel test data. In order that CFD
fill this role, it is indispensable that the
validation for the wind tunnel test data or
the flight data have been carried out
sufficiently, because CFD technique also are
not matured yet, especially in numerical
physical/chemical models.
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Simultaneously with the validation of our
hypersonic flow analysis system, we have
participated in this "High Enthalpy Flow
Workshop" and carried out hypersonic flow
analysis around OREX(Orbital Reentry
Experiment) and a hyperboloid flare
with/without real gas effects. We will show
the outline of our numerical results as
follows .

2. Numerical Approaches (*-*!

OQur flow solver for a perfect gas and an
equilibrium air is based on finite volume TVD
upwind scheme for thin layer Navier-Stokes
equations as basic equation.

MUSCL type TVD scheme is adopted for
descretization in space. This scheme limits
the variation of characteristic variables by
MINMOD function in each cell. Our flow solver
has a second order accuracy in space by using
this method.

Convective fluxes are evaluated by AUSMDV
This method is one of AUSM type
and has equal

scheme ‘4.
splitting schemes (%’
simplicity and robustness to flux vector
splitting schemes and equal resolution

{1) For Perfect Gas

to flux difference splitting schemes. By
using AUSMDV scheme, carbuncle phenomena,
that are unphysical solution often appeared
on a hypersonic flow analysis around a blunt
body, can be suppressed to some extent.

Time Integration is implicitly executed by
planar Gauss-Seidel relaxatiom method.

In the case of an equilibrium air,
thermodynamic and transport properties are
calculated by a curve fitting method proposed
by Dr.Srinivasan et al & 7).

3. Numerical Results

Qur numerical results as follows assume a
laminar flow for either OREX or a hyperboloid
flare.

(1) OREX

Our numerical results for OREX are
solutions to Problem 1II .4(chemical
equilibrium) and 1II.5(perfect gas) of this
workshop, respectively.

Sizes of computational grids as we used
are 71X 81 for a perfect gas case, and
66X 41 for an equilibrium air case(Fig.1).

(2) For Equilibrium Air

Fig.1 Computational Grids around OREX
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Chemical Equilibrium

Perfect Gas

N
N
N

'~

Fig.2 Pressure Contours around OREX

Flow condition, which is correspond to
flight condition at altitude 56.9km in a
Japanese first successful reentry
experiment from orbit, are as follows.

Velocity 5562 m/s
Temperature : 248.1 K
Pressure : 23.60 Pa
Wall Temperature : 1519 K

In these results, the characteristic

difference between a perfect gas and an

Q MW/m**2)

Temperature (K)
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0.55 fr=mwi e e (PR
N - Equilibrium Air
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Heat Flux Distribution on OREX

: — : Perfect Gas
. Equilibium Air |

0.6 08 1

X/Xmax
Temperature Distribution

on Stagnation Stream Line of OREX

04

Fig.4

equilibrium air is that surface heat flux
of an equilibrium air is higher than of a
perfect gas(Fig.3), though a temperature
behind a bow shock of an equilibrium air is
about 10,000K lower than of a perfect
gas (Fig.4). This difference of heat flux is
led by recombination, in which reaction
heat is released, near solid surface in an
equilibrium air, which is regarded as a
fully catalytic wall in our numerical
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simulation.

With respect to the bow shock location,
the result of an equilibrium air case is
about a half distance from a body of a
perfect gas case(Fig.4). In the view of
this aspect, these numerical results show
that our hypersonic flow analysis system
can definitely capture the real gas effects
in chemical equilibrium.

But heat flux distribution on surface
shows unexpected oscillation in an
equilibrium air case(Fig.3). Therefore, our
next goal of hypersonic flow analysis is
that such unphysical oscillation in an
equilibrium air flow should be removed.

{(2) Hyperboloid Flare
Qur numerical result for a hyperboloid
flare is solution to Problem II-1 of this
workshop, that is only a perfect gas case.
This problem is correspond to an experiment
by Gottingen Ludwig Tube used cold gas.
Computational grid as we used is

generated by Dr.Y.Yamamoto (NAL), and a size
of this grid is 521x101(Fig.5).
Flow conditions are as follows.

Mach Number : 6.83
Temperature 67.765 K
Reynolds Number : 7.0X10° /m
Wall Temperature : 300 K

In a heat flux distribution on a surface
(Fig.7), negative values appear from
x/L=0.8 to 1.0, where is just before and
behind a peak value at a reattached region.
This may be because we do not take account
of the unsteadiness owing to a seperation
induced by the interaction between an
oblique shock wave and a boundary layer in
this calculation which is used local time
stepping to get a steady solution.

Such influences of the lack of the flow
unsteadiness in numerical simulation
also appears as a small oscillation in
temperature contours(Fig.6) and a pressure
distribution on a surface (Fig.8).

Fig.5 Computational Grid around Hyperboloid Flare
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Fig.6 Temperature Contures around Hyperboloid Flare
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Fig.7 Heat Flux Distribution
on Hyperboloid Flare
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Fig.8 Pressure Distribution
on Hyperboloid Flare
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4. Conclusions

We introduced our numerical results of
hypersonic flow analysis around OREX and
hyperboloid flare with/without real gas
effects.

Numerical results of OREX suggest us that
our flow analysis system for a hypersonic
flow is not completed yet, especially for an
equilbrium air flow. The result of a
hyperboloid flare also shows that the flow
unstediness must be taken into account, in
order to predict more accurately the
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Numerical Simulation of Hypersonic Flow around Hyperboloid Flare Body
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Abstract
A numerical simulation of the flow around the Hyperbolid Flare Body has been performed in a Mach 6.83
air stream by solving axisymmetric laminar Navier-Stokes equations. The result shows that shock-shock

interactions occurs.

Introduction

During reentry flight of a space craft from an earth
orbit, the freestream Mach number varies very
widely from the hypersonic regime at high altitude
flight to the low subsonic regime at landing. For
the system design of such space craft, it is very
important to predict the aerodynamic
characteristics of the space craft over the whole
range of flight Mach numbers.  Especially, in the
hypersonic range, the real gas effect of air affects
the aerodynamic characteristics of the vehicle.
And in such a region the tests on the ground are
very difficult. So numerical simulations of the

hypersonic flow are very important. But the

validity of the code must be checked very carefully.

The purpose of this paperis to calculate the flow
properties and to check results precisely.

Numerical Analysis

Governing equations
In this study, the flow is assumed to be an laminar
and axisymmetric. So we used the axisymmetric

compressible laminar Navier-Stokes equation in

the generalized coordinate.
£+£+£+H-6_‘ﬁ}.+ﬁv_+fiv
& J§ oJn & Jn
where
o
1|pu
0=
Jlpv
Et
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pU [ %4
1 (P&, + puU 1|Pn,+puV
=7 P§+va’ -7 Pn +pvV
(Et+PU | (Et+PWV

0
Fv- l ‘rz +rn§
J 1,.5+7,§
T 4T, S+ 8+, 5 v+q. 5445,

pv/r

1| puv/r

- }- pv2 /r

(Et+P)y/r

0

Hy= 1 T /T
J |2u(dv/or=v/r)/r
(r,v+T u+q)/r

and
U=u§ +v5 , Vmun +vny,

where k i5 a thermal conductivity and ] is a
Jacobian. We selected a Sutherdand’s law for

viscous coefficient.

T3/2
=C
a 'T+C,

where, C;=1.458x10°. C,=110.4 . This equation is
valid for low temperature. And & is a
coordinate along to the body surface, and n isa
coordinate normal to the body surface. Q is avector
of conserved variables. F and G are vectors of
fluxes. A is & term including 1/r. The subscript v

indicates viscous terms.

Scheme

Viscous terms and Jacobian are evaluated by
central difference. As for convective terms, we
selected explicit symmetric TVD scheme.! The

numerical fluxes can be expressed in this form,

1

=S (E+E+0.)

%, --{l(al’m)’Qj.m ARACRVY C RV —Q"m ]

where qu/z is a limiter function and F+1/2 is
the difference of the characteristic variables inthe
local & or n direction and (,l!(x) 1s a function for
entropy correction. In most cases, the function can

be expressed ,

bel. ¢x{>8)
vx)= {(x2 +6)/25 (<)

where O is chosen for enhancement of stability of

the scheme.in this form ?,

6j¢1f2 - 5(pI+M+ chtz + Erz + nxz +nrz)
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where, U and V are contravariant velocity
components and ¢ is a sonic. The value 5 is
chosen in the range 0.05 < 5 <025 In this
calculation & is sef to 0.2. We used Yee’s
minmod function as a limiter function, which is

expressed
. ) 1
O™ mmm"d[zg-u 22831252 ’5(“_7-1/1 +q z)]

For Riemann solver, we used Roe’s approximate
solution. And the time integration is performed by
2 step Runge-Kutta method.

Mesh

We have used for this problem the body-fitted
computational gid as shown inFigure 1. The gid
points are 177 points along the body surface (&
direction) and 34 points normal to the body surface
(n direction). We reduced the grid points for &
direction from 521 points to 174 pointsand for n
direction from 101 points to 34 points for saving
the calculation time.The original computational
gid was distributed by National Aerospace
Laboratory (NAL).

Flow condition and boundary condition
Flow condition is showed in Table 1. As for
boundary condition, on body surface, the velocity
components are 0 and pressure gradient normal to
the body surfalce is 0 and the temperature on the
body surface is fixed at 310K. That is,

u=v=1_0

table 1 Flow condition

‘M"" T°° . R,e T wall

6.83 67.765 7.0x10° 310

J HE - bl . I l

04 06 0.8 10 1.2 1.4

Fig. 1 Computational grid

Results and Discussions

Convergence history

The convergence history is shown in Figure 2.
This shows that the convergence. rate of symmetric
TVD scheme is relatively good for this case.
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convergence history
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Fig. 2 Convergence history

Pressure contours

In Figure 3, we can see clearly the interaction of
the two shock lines, which are from the
stagnation region and from the flare. And the

expansion from the comner is also captured clearly.

os|
pressure contours
06 L

oat

02

! i 1 .
D4 06 08 10

Fig. 3 Pressure contours

Temperature contours

Figure 4 shows the temperature contours. In this
plot, we can see the boundary layer of temperature
because of the fixed temperature at wall. And we

can see also the shock-shock interactions clealy.

1.0¢

08
temperature contours
6

04}

02}

) N L

04 06 08 1.0 . 12 1.4
Fig. 4 Temperature contours

Pressure distribution along the body
Slll"fﬂCC

The pressure distribution along the body surface is
shown in Figure 5. In this plot, we cansee the
pressure increases rapidly around the stagnation
region and the flare. But we can’t capture the flow
separaion in front of the flare. One of the
reasons may be that we don’t set sufficient gid
points along the body surface and in the boundary

layer.

pressure distribution along the body surface

—

1 T T ‘ T /__'_‘
2 o AR
2 | - ]
o : rd
g , . /ﬂ_
S /’ ]
[ : .
N : g :
® - -
E i
= :
o
s i L_'

0.2 04 X 08 1 1.2 1.4 1.6
body length

Fig. 5 Pressure distribution along the body

surface
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Heat flux distribution along the body
surface ‘

Figure 6 and 7 show the heat flux distributionalong
the body surface. Figure 6 shows the heat flux
distribution along the whole body surface and
Figure 7 shows the distribution around the flare
precisely. In Figure 6, the maximum value is on
the stagnation point and the value is much higher
than other region. This shows that the temperature
around the stagnation point is very high and the

phenomina is captured clearly.

heat flux distribution along the body surface

—
L 510° T : . ; * 0.7
et Ly Max 41182x10° W/m?)/ & Jos
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Fig. 6 Heat flux distribution along the body

surface

heat flux distribution around the flare
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Fig. 7 Heat flux distribution around the flare

As  shown in Figure 6 and 7, two peaks can be
seen around the flare. The left one is made by
shock from the flare and the other is made by

expansion from the corner.

- Summary and Conclusion
In this study, we calculated the flow around the
hyperboloid flare body in the region of
hypersonic speed. The results are summarzed as

follows,

1. “Pressure contours show clearly the shock

waves and their interactions. And - the
expansion also can be seen clearly.

2. Temperature contours show clearly the
temperature boundary layer and shock-shock
interactions.

3. According tothe pressure distribution along
the body surface, we couldn’t capture the
flow separation in the flare. In order to
capture the flow separation, it seems to be
necessary to set  sufficient gid points
around the flare and in the boundély layer.

4. The maximum value of heat flux is on the
stagnation point. And two peaks, which are
made by shock and - expansion, can be

captured clearly.

Based on these results and this symmposium, we

would like to cure the above problems.
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Computational Analysis of High Enthalpy Flow around Blunt Body

by

Yukimitsu Yamamoto
National Aerospace Laboratory Chofu, Tokyo, Japan

ABSTRACT

Flux-split upwind Navier-Stokes CFD code are applied to high entalpy flow around several blunt bodies. In this paper,
sphere problems in DLR HEG experiments, OREX (Orbital Re-entry Experiments) flight flowfield, hyperboloid flare
flows in ONER F4 experiments and 70 deg blunt body flows including base flow regions are investigated. Real gas
effects are analyzed by using the one temperature chemically non-equilibrium Navier-Stokes code, which is developed
by combining finite-rate chemical reactions to the current perfect gas flux splitting code. A fully implicit ADI scheme
is used to avoid the stiffness problem of the time integrations. Numerical results are discussed for each flow problems
and fairly good agreements are quantitatively obtained for heat transfer distributions.

Introduction

For developing and designing space transportation
re-entry vehicles, accurate prediction and evaluation
of hypersonic aerodynamic and aerothermodynamic
characteristics are greatly important, because severe
aerodynamic heating occurs and they are important
research subjects for the design of thermal protec-
tion systems. For these high enthalpy re-entry flows,
ground based test facilities can not simulate and re-
produce realistic flight enviroments. Therefore, CFD
becomes to play an important role for evaluating the
aerodynamic and aerothermodynamic characteristics.
However, real gas effects must be explored carefully
and corresponding CFD code has to be validated by
comparisons with high enthalpy wind tunnel tests and
flight experiments. In our numerical code, 7 species,
one temperature models are used to account for real
gas effects due to dissociation and ionization, because
current study is focused on the atomospheric re-entry,
where thermally equilibrium state may be dominant.
In addition, the difference of heat flux computed two
and one temperature models may be ignored. Species
mass conservation equations with source terms are
combined to the present three-dimensional flux split-
ting Navier-Stokes equations. New algorithms for flux-
splitting schemes are developed by several authors in
order to decrease their dissipative features. However,
in the present, these schemes may not be sufficiently
established for the aerodynamic design use.

In the present study, conventional flux splitting
scheme is used and the accuracy and applicability of
our numerical approach are investigated . In order to
avoid stiffness problems, associated with chemical re-
actions, fully implicit ADI method is applied.

Numerical Algorithm

Basic Equations

The three-dimensional chemically non-equilibrium
Navier-Stokes equations including species continuity
equations with thin-layer assumption are expressed as

’

0Q OF oH O(H-H,)

Eﬁ- 3§+317+ ER =S (1)

P
P2

Px (2)
pu
pU
pw
| E

]
i

e

U
pU

P..U~ (3)
pul +§&.P
poU +§,P
pwlU + €. P
| (E+P)-U |

[ Vv 1
PV

p.V (4)
puV + 1, P
pvV + 1, P
pwV +7,P
| (E+P)-V |
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W
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I
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i
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u- Ve {u + W, (/3
poIVC] - (ue + We - (/3
1 19¢)- (ue + W, -C./3

I IV¢l-© |
U = E,u+é;v+§,w
V = futiyv+iw (7

W = C:u+(,7yv+zzw

Co = Co/\JC2+ 2+ (2 ete. (8)

m - u-W-W,
6= §(u2+vz+w2)(+k~T(+p; h,‘D,‘Y}'(-}-TC
9

p=prtp2tps+--+pn (10)

Yi=pi/p (11)

where ( is the coodinate normal to the body surface.
The vector Q consists of species density, momentum
and total energy. P and p are the pressure and total
density, respectively. p and k are mixture viscosity
and thermal conductivity. The chemical source term
5 has non-zero components corresponding to species
conservation equations. It is written as ;

o=

where w; is the mass production rate of species 1.

The differencing used in the present algorithm is
conventional flux vector splitting. Details of this
methed is described in Ref.1.

In the present analysis, the effects of multicompo-
nent diffusion are neglected and the binary Lewis num-
bers for all the species are assumed to be the same,
then a simple expression for the mixture’s diffusion
coeficients D results

kLe

D=-=
pCp

(13)

where tildes denote dimensional quantities and the fol-
lowing nondimensionalization has been employed.

Cpy T=

D
[ 2 D= = (14)

Ces =

The equations of state for mixture is written as

Prp T M
= = == 1
P 7 M = (15)

where the mixture molecular weight is determined by

n : -1
M= (2_: AL{") (16)

Here,Y; is the species mass fraction and defined as
pi/p. The expression for total enthalpy is

E+P

H= = h+%(u2+v2+w2) (17)

The enthalppy of the mixture is determined by sum-
ming the individual contributions of each species.

h
h=3 Yih (18)
=1
I S
h,’:h,‘o-«}—/ Cp,‘ dT (19)
0

The dimensional enthalpies and specific heat of each
species are determined by using equations of Ref.23.

Transport Properties

The viscosity of a species, s, is calaculated using the
following curve fit.

fis = 0.lezp [(Aslogef+ Bs) log. T + Cs] (20)

where A, By,and C, are constants for each species.
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Eucken’s formula is used to compute thermal conduc-
tivity.

. _mR(x M, 5
Ky = — C,T'I'— 21
CE () w

Wilke’s mixing rule is used to compute the mixture
viscosity and thermal conductivity from those of the
individual species.

n ~ n -~
p=d =Y (@
s=1 s s=1 s
where
i [i, (MN\*] AR
, Hs s s
¢s B X 1+ - ( ) \/é 14 =
; i [ Ay \ M, M,
Y. M
X, = 77 (23)

Chemical Model

The chemistry model is air and 7 chemical species
are taken into account ;

(1) molecular oxygen o))
(2) atomic oxygen o
(3) molecular nitrogen N,
(4) atomic nitrogen N
(5) nitric oxide NO
(6) nitric oxide ion NO*
(7) ion e~

An assumption employed in this model is that the gas
possesses a zero net local charge. This allows the con-
servation of electron mass equation to be eliminated
from the set of governing equations. The reactions
that are considered are ;

0,4M = 0+0+M (R1)

L+M = N+N+M (R2)
NO+M = N+O+M (R3)
NO+0O = N+0, (R4)
O+N, = N+NO (R5)
O+N = NO*+e (R6)

where impacting body M can be any one of the species.
The forward and backward reaction ratets are of the
form.

kf(T)

Ef(T) = CfT™ &84T e

kb(T) =

(29)

where K., is the equilibrium constants and a function
of temperature.

Keo(T) = ezp(Al+ A2z + A32% + A42° + A52%)
10000

zZ = T (25)

All the constants appearing in the reaction rate equa-
tion are given by Park.

Then, the production of species from each reaction
can be expressed as ;

Rl = Y [-kfim [No][M]+ kbia [N][N][M]]

M

R2 = Y [~kfom [02] [M] + kbars [O)[O) [M]]
M

R3 = ) [~kfsm [NO][M]+ kbsy [N][O][M]]
M

R4 = —kfs[NO)[O]+ kbs [N][O2]

R5 = —kfs[O][N2] + kbs[N][NO]

R6 = —kfs[N][O)+ kbs [NO*] [e7] (26)

The souce tetrms are given by

wy = Mn(~2R1- R3— R4— R5— R6)

wy, = MNQ(RI + R5)
wo = Mo(~-2R2—- R3+ R4+ R5+ R6)
wo, = Mo,(R2 — R4)
wNo = MNo(R3 + R4 — R5)
wyo+ = Mpyo+(—RS6)
We- = M,-(—R6) @7)

Nummerical Results

Numerical calculations were performed for high en-
thalpy flow around four type of blunt bodies. In
the present study, non-equilibrium flow analysis were
made for sphere (Problem I-1~6), OREX (Problem II-
1,2) and hyperboloid flare (Problem I1I-2). Non-react
perfect gas flow analysis were also made for OREX
(Problem II-5) and 70 deg blunt cone. Final computa-
tional test case is not listed in the workshop problems.
However, preliminaly investigation was made to find
the real gas effects through comparisons of experiental
data.
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Sphere

Figure 1 shows pressure contours around sphere for
Problem I-1 (high enthalpy, low density case),Problem
I-3 (high enthalpy, high density case). Similar results
can be observed for these pressure contours. How-
ever, mass fraction distributions along the stagnation
stream line indicate different characteristics in each
flow cases. As for the N, (Nitrogen molecule) mass
fraction distributions of Fig.2, strong dissociation oc-
curs in high enthalpy, high density case (Problem I-
3). In the low enthalpy case (Problem I-5), signifi-
cant dessociation of N, dose not occur compared to
the other high enthalpy cases (Problem I-1 and I-3).
Heat transfer distributions along the sphere surface
are shown in Fig.3. In the figure, non-catalytic and
full catalytic heat transfer in are plotted for the same
free stream condition case. Solid line represents the
sphere geometry. Dot-dash line indicates the full cat-
alytic heat transfer distributions and dotted line shows
non catalytic ones. It is remarked that full catalytic
heat transfer is about two times larger than the non-
catalytic one for all three flow conditions. In addi-
tion, maximum peak of heat transfer distributions ap-
pears away from the stagnation point. These flow phe-
nomena may be caused by very low Reynolds number
effects. Experimental results shows the similar ten-
dency, however, further investigation must be done.
Quantitative comparisons of full catalytic heat transfer
distributions are made and presented in Fig.4. Open
symbols shows experimental data and closed ones are
numerical results. Relatively good agreements are ob-
tained, especially in high enthalpy, high density flow
case. However, the difference between numerical and
experimental results exists in low enthalpy flow case.
Detailed investigation of may be needed in this case.

OREX

In OREX flow fields calculations, 41 grid points are
distributed surface and 60 points normal to be body.
Temperature contours are plotted in Fig.5. From this
figure, it is noticed that shock wave is smeared in high
altitude case (Problem 11-1) and shock also it is clearly
observed that layer thickness of the reacting flow case
(problem II-2) is smaller than that of corresponding
perfect gas case (Problem II-5). Heat transfer distri-
butions are plotted in Fig.6. The value of maximum
stagnation point heat transfer is increased as the alti-
tude becomes lower and 0.344 MW /m? at an altitude
of 60 km. These values may be considered reasonable
compared to the other numerical results and flight data
estimations. Temperature and mass fraction distribu-
tions along the stagnation stream line are plotted in
Fig.7 and 8 for the reacting flow cases of Problem 1I-1
and II-2.

It is remarked that shock wave region is smeared
at high altitude due to the rarefaction effects. Max-

imum temperature in high altitude case is about two
times larger than that of the low alttitude one and it
reaches to more than 20,000 K. Dissociation of nitro-
gen molecule N> in high altitude is enhanced by the
these high temperature effects.

Hyperboloid Flare

For this analysis, 262 (streamwise) x 51 (normal to
the body) grid points are used. Pressure and temper-
ature contours are shown in Fig.9 and Fig.10. Recom-
pression shock wave is generated above the flare part.
Pressure and heat transfer distributions are plotted
in Fig.11 and Fig.12. High pressure comparable to
the nose stagnation point value is caused on the flare
part and small recirculation region appears ahead of
the juncture point of foreward body and flare. Heat
transfer is also increased, corresponding to this pres-
sure rise. However, the peak value is about 40 percent
of stagnation point one. Detailed comparison are un-
derway and will be presented in near future. This time
rough calculation is made for the preliminaly estima-
tion. More precise and large scale computation will be
done.

Blunt Cone

In this case, omly perfect gas calculations were con-
ducted. Computational grid consists of 161 (stream-
wise) x 121 (normal to the body) points. In Fig.13
and Fig.14, pressure and temperature contours are de-
pictetd, where recompression shock wave is generated
from the mid region of the afterword cylinder surface.
As shown in Fig.15, surface pressure and heat transfer
becomes high there. The value of local peak is about
0.2, nondimensionalized by the stagnation point heat-
ing. These results are similar to the LaRC low en-
thalpy hypersonic wind tunnel experiments 2). More
detailed comparisons will be made in near future.

Conclusions

By using the flux-split upwind Navier-Stokes code,
several blunt body problems, proposed in NAL high
enthalpy flow workshop, are analyzed. Our approach
is one temperature, chemically non-equilibrium com-
putational method for reacting flow problems. This is
not sufficient for the exact analysis of high enthalpy
flow phenomena. However, in practical purposes, it
is useful in evaluating aerothermodynamic character-
istics, because the siginificant difference of heat trans-
fer is not observed between one-temperature and two-
temperature models. Therefore, we try first the sim-
ple one temperature modeling for high enthalpy flow
analysis and the limitations of this modeling is inves-
tigated.
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In the present preliminary studies, numerical results
favorably predict heat transfer distributions of four
type of blunt bodies. However, these problems con-
tain difficult phenomena to analyze, such as surface
catalycity, the effects of the flow separation and reat-
tachment, base flow problems etc. So, more precise
study and exact validation of the CFD code will be
needed.
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Abstract

Numerical simulations of hypersonic flow assum-
ing no reaction and thermochemical nonequilibrium
are performed. Three different methods, Implicit-
Explicit Flux Vector Splitting(IEFVS), AUSM and
AUSM_DYV scheme are used. All of these schemes
are coupled with Fourth-order MUSCL TVD scheme
in space which enable us to capture vortices more
clearly. AUSM scheme is applied for non-reactive
flow problems, the flow around OREX (Test case
problem II-5), and hyperboloid flare (III-1). On the
other hand, for the thermochemical nonequilibrium
flow problems, such as the flow around OREX (1I-2)
are calculated by the IEFVS and AUSM_DV scheme.
The spherically blunted cone (IV-1) is done by the
IEFVS.

1. Introduction

For the numerical simulation of hypersonic vis-
the computational method should
be very robust for shocks and numerically non-

cous flows,

dissipative in the boundary layer. To satisfy them,
some methods have been already proposed. The
authors also have developed a method based on
Implicit-Explicit Flux Vector Splitting (IEFVS) for
the simulation of thermochemical nonequilibrium
hypersonic viscous flow[l}. This scheme is very ro-
bust for obtaining the bow shock because of the
characteristic of the FVS scheme, accurate in the
boundary layer by using the Roe’s averaging and
quite simple for the almost same formation of both
implicit and explicit terms. We also know robust
schemes, AUSM and AUSM_DV scheme, therefore,
these schemes are also used to check reliability for
the present flow problems.

On the other hand, fourth-order compact MUSCL
TVD[2] is used to obtain higher-resolution results,
with each IEFVS, AUSM, AUSM.DV scheme.

In this paper, the numerical procedure of dis-
cretization is firstly explained briefly and flow prob-
lems given as the present workshop subject, the flow
around OREX (II-2, II-5), the hyperboloid flare (I1I-
1) and the spherically blunted cone (IV-1) are con-
sidered. The problem II-5 and III-1 are calculated
by the AUSM, the problems 11-2 is calculated by the
IEFVS and the AUSM_DV, and the problems IV-1
is calculated by the IEFVS,

2. Numerical Method

2.1 Fundamental Equations The two-dimensional

conservation equations for the thermochemical
nonequilibrium flow are expressed as follows.

9Q  OF; _
W+°§E-;+S+H—0 1)

Q is the vector of unknown variables, Q@ =
J(ps, puyr, puz, E, E,), where p is the total density
and p, is each density of species s. F;, S and H
are the flux, the diffusion term and the source term
respectively, and they are described as follows.

ps Ui
pusU; + 8¢€i/dx1p

Fi=J | puUi +3¢i/0z2p
(E + p)U;
E,U;
—PsVsj
. Tl"
ooy 0 iy
dz; ¢ n
Tue — ¢ — E,#e Psvasjh,
—Guv; — E:';e PsCuslsy
W,
0
H=-J| o |, (s=1,-,ni=1,2)
0
W,
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For reacting fiow, 7 chemical species ( N2, Oz, NO,
NO*, N, O, e~ ) are considered so that the system
includes 11 equations here. Models for chemical re-
actions and the vibrational relaxation time in the
source term H are quoted from Park[5] and Card-
lar[6]) mainly. The total energy E, the pressure p,
and the gas constant are given below.

= 1
E= Ep.C.,,T+ 3P + E,

s#e
n n
+ Z Pohe + Z PsCels

syte sfe
_ n R . n p.R
P—EP:M‘T'FPesR— ;AT.

s¥e sfe

Cos, T, 85, €c1s, R, M,, pc means the translational
specific heat, translational-rotational temperature,
heat of formation of species s, universal gas con-
stant, atomic weight of species s and the electron
pressure respectively.
2.2 Discretization

The numerical flux of F; in eq.(1) are defined as

the linearlized flux vector forms.

(F)esay2 = (A} )t+1/2Qf+1/2 + (A.‘-)u-uzQﬁn/z (2)

The superscripts L and R in the vector of unknown
variables, Qf‘“ /2 and Qf_“ /2 mean the weighted ex-
trapolation from the right and left by the MUSCL
approach, and they are calculated by the following

equations.

1 1,
Q:'+1/2 =Q¢+ §A+Ql—ll2 + EA Qes1/2
1, _- 1 =
Q172 =Qup1 — EA Qes3)2 — §A+Qz+1/2 3)

where A*Q are the numerical functions composed of
ordinary third-order term and fourth-order compact
term.

On the other hand, if the LU-SGS scheme by
Yoon et.al.[7] and point-implicit method by Eber-
hardt[8} are used, eq.(1) can be written in the im-
plicit form as

[ + At{Bo(A:) + diag(+) + diag(a;)}16Q = RHS

—A(A] )e41/26Qes1 — (A )e126Qe-1)  (4)
where

RHS = —At(AF! +S™ + H™)

In eq.(4), o(Ai) is an identity matrix with the spec-
tral radius of A;. In this paper, the maximum of
absolute eigenvalues for A; is taken. 1/7 = 1/7, (

s=1,...,n and E, ) is quoted from Ref.{8] and a;
is set to 2ug;;/( RepAé;).

Next, the Implicit-Explicit Flux Vector Splitting
(IEFVS) is explained. The distinctive feature is that
it is applicable to both explicit and implicit calcu-
lations. It means that not only the flox A‘-*Q, but
the flux A?‘&Q can be calculated from a same finx-
vector splitting form. This form can be written in
the vector form composed of sub-vectors as

ds
Guy
Anié =J 6«; A:*I
Ge
Ges
0o + 3/d - AU;
J fi.l}-’ + q"l/qo ’ Al_ji
toden | Gt Gus/Bo- AU | A%
Up + (F+H)/7- AU
0 + ﬁe,/q?o . A(j,
GafG0- P + 0
J ﬂ“l/ﬁo'ﬁ + fi,lcz/g.'i' AU;
o 2 N
+= JuJGo-P  + &i2¢®/gii- AU | AR
&+)7-p + Uic/gi- AU
Je /G0 - P + 0
(5)
where

P= 06" — ¥gu,du; — fode — Jode.)/T0
52 = ¥( _usﬁuslzqg
- Z i.h(:/(?o - E Gs€els/T0)
sfe sfe
% = (GuiGui /28 + 3eu /T
+ Z ﬁah‘:/éo + 5_: q-leehlﬁo)
s#e sfe
AU; = € jGu; — §0€i,iGu; /o
AE = (x| A 1)/2 (i =1,3,4)
M =0E5-20)2
2E = 05 +ah)2-03

If we use eq.(5) in the explicit calculation, then
Q= Gu Gu Je §e.) is specified to Q. On
the other hand, Q is set to §Q if it is for the im-
plicit calculation. We need no additional calcula-
tions such as matrices for eigenvectors. The values
with upper bar are estimated by the Roe’s averaging
to overcome the excessive dissipation in the bound-
ary layer.

AUSM scheme by Liou et.al.[3] and AUSMDV
scheme by Wada et.al.[4] are also applied here with
fourth-order compact MUSCL TVD scheme.
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3. Results

3.1 Non-reactive flows

Problem II-5. The axisymmetric non-reactive
laminar flows around OREX is simulated. Outer
boundary conditions are set to ¥ = 5562 [m/sec],
Poo = 23.60 [Pa}, To = 248.1 [K] and the wall tem-
perature is Twau = 1519 [K].

The computational mesh has 95 x 95 grid
points.(Fig.1) In this calculation, the AUSM scheme
with the fourth-order compact MUSCL TVD is used
to verify the capability of its application. Fig.2 to §
show the temperature contours, pressure contours,
pressure distribution and the heat flux distribution
on the body surface. The shock distance from the

nose is about 0.19m.
Fig.3 Pressure Contours

1

\ *Pregsure” |——

0.8 -
\

P/Pootizo 1
0.4
0.2
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Fig.1 Computational mesh( 95 x 95 grid points) Y/Y.
Fig.4 Pressure distribution on the surface
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Fig.2 Temperature Contours Y/Y.

Fig.5 Heat flux distribution on the surface
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Problem III. The axisymmetric non-reactive lam-
inar flow around hyperboloid flare is simulated also
by the same scheme of II-5. The computational
mesh has 521 x 101 grid points which was pro-
vided by the workshop organizer.(Fig.6) The exper-
imental data of the Geottingen Ludwig Tube (Cold
Case) was used for the condition of this calculation.
Outer boundary conditions are set to M., = 6.83,
Reeo/m = 7.0 x 10%, T, = 67.765 [K] and the wall
temperature is Tyan = 310 [K]. Calculations both by
fourth-order and first-order accuracy in space were
executed.

Figs.7 and 8 show the calculated results of pres-
sure contours and temperature coxitours by by first-

order scheme respectively and Figs. 9 and 10 show
the same results by fourth-order one.”

In the latter results, a large separation area near
the compression corner and shock interactions are
captured clearly, though small oscillations are visi-
ble. The separation point of fourth-order case esti-
mated from pressure distributions (Fig.11) is about
X,eparatc/X;_cf = 0.62. The reason of the oscil-
lations is unconsiderable here, but this should be
deleted. )

Fig.6 Computational mesh( 521 x 101 grid points)

Fig.9 Pressure Contours (Fourth-order)
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Fig.10 Temperature Contours (Fourth-order)
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Fig.11 Pressure distributions

3.2 Reactive flows
Problem II-2. The computational mesh has 75x75
grid points.(Fig.12) Outer boundary conditions are

set t0 woo = 5562 [m/sec], poo = 23.60 [Pa}, Teo =

248.1 [K] and the wall temperature is Tyon = 1519

In this calculation, IEFVS and AUSMDV
schemes with fourth-order compact MUSCL TVD
are used. Figs. 13 and 14 show the calculated results
of pressure contours and translational-rotational
temperature contours respectively by IEFVS scheme
and Figs.15 and 16 show those results by AUSM.DV
scheme. Fig.17 shows the temperature distributions
on the stagnation streamlines. These results are sim-
ilar and the shock distance from the nose by FVS is
10.9cm. On the other hand, that by AUSM DV is
slightly less than that of FVS. However the differ-
ence is only a length between a grid point and next

one.

Fig.14 Translational-rotational temperature
contours (IEFVS)
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used here is shown in Fig.18 which was provided
by the workshop organizer. Outer boundary condi-
tions are set to %o, = 4539.5 [m/sec], poo = 588.42
[Pa], Too = 489.89 [K] and the wall temperature is
Twaen = 295 [K].

The calculation was performed by IEFVS with
fourth-order and first-order accuracy in space. Fig-
ures 19 to 21 show the calculated results of pressure
contours, translational-rotational température con-
tours and vibrational temperature contours respec-
tively by the fourth-order scheme and Figs. 22 to 24
show those results by the first-order. From the com-
parison of these figures, the further rear stagnation
point from the base is obtained by the fourth-order
case than by first-order. This reason may be due
to the capability of capturing separation points and
vortices. Figure 25 shows the heat flux distributions
of the calculated results and that of experimental
data[9], where S means the distance along the body
surface from the front stagnation point. The fourth-
order result has a peak at the almost same position
as that of experimental one whereas the value at the
point is smaller. However, it seems to be at least
necessary to apply higher-order scheme to simulate

base region in hypersonic flow.

o4
b
5
14

Fig.16 Translational-rotational temperature
contours (AUSM_DV)
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% 0.2 0.8 3 max 08 0.8 Fig.18 Computational mesh( 161 x 241 grid points)

Fig.17 Temperature distributions
on stagnation streamline

Problem IV-1. The axisymmetric laminar flow
with chemical reacting around the spherically
blunted cone is simulated. The computational mesh
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Vel

Fig.19 Pressure contours Fig.22 Pressure contours
(Fourth-order) (First-order)

\sfff})?

Fig.20 Translational-rotational temperature Fig.23 Translational-rotational temperature
contours (Fourth-order) contours (First-order)

Fig.21 Vibrational temperature contours Fig.24 Vibrational temperature contours
(Fourth-order) (First-order)
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Fig.25 Heat flux distribution
4. Conclusion

Numerical simulations are performed for High
Enthalpy Flow Workshop problems. The AUSM
scheme was very effective for non-reactive problem.
Howevér, the oscillation in higher-order case of II-5
should be overcomed in future. The AUSM_DV and
IEFVS with the higher-order accuracy were equiv-
alently effective for the reacting flow problem II-2.
The last case IV-1 indicates the necessity of higher-
order accuracy at the wake region after the body.
By the way, the result by the AUSM_DV for the last
case is not shown because of still having a problem
in the result. It must be also resolved.
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Numerical Simulations of High Enthalpy Flow
by
Nobuhiro SEKINO, Toru SHIMADA and Naoki TAMURA
Aerospace Division , Nissan Motor Co., LTD.

ABSTRACT
Eleven results of ours to the problems of the 13th NAL Symposium on Aircraft Computation Aerodynamics -
High Enthalpy Flow Workshop are presented. The problems are the simulation of flow around a sphere (problem
I) and the simulation of flow around the re-entry vehicle, OREX (problem II). To perform these simulations,
three kinds of numerical codes for different gas properties are used; for thermo-chemically non-equilibrium gas,
for equilibrium gas, and for frozen (ideal) gas. In these codes, Navier-Stokes equations are discretized in the
finite volume form using Harten-Yee type TVD flux estimation and LU-SGS implicit method. For the thermo-
chemically non-equilibrium flow, eleven chemical species are considered and Park’s two temperature model is
adopted. The computed heat fluxes for the sphere case agree well with the experimental data provided by the
workshop organizer. As for the OREX case, although the computed heat fluxes are somewhat larger than the
flight data, the computational results agree with the flight data in the same order. For the particular flow
conditions in the case of sphere, our results show that the heat fluxes to the non-catalytic walls are larger than
those to the fully-catalytic walls. It is shown that one of the causes for this phenomenon is rapid recombination

rate of chemical spices.

1. Introduction

Re-entry  vehicles experience severe
thermal circumstances during their atmospheric re-
entry. Owing to recent progress of computer power, it
is realized to simulate such hypersonic flowfields and
to evaluate physical values by CFD. In the high
enthalpy flow workshop, the CFD performance for
this problem is compared by applicants. We use
several in-house numerical codes to solve given
hypersonic flow problems.

In the following sections, after the
discussion of the flow models and numerical methods ,
some of our results are presented.

2. Numerical Models
2.1 Flow models

The flows around re-entry vehicles vary
depending on the flight altitude and velocity. Because
of the strong shock waves formed in front of vehicles,
the dissociation and the ionization of air may occur.
The chemical reaction process may change the flow
features such as the shock standoff distance.

Non-equilibrium processes occur in a flow
when the time scale required for a process to
accommodate itself to local conditions is of the same
order as the transit time scale across the considered
region. If the accommodation time scale is very short
compared with the transit time scale, the process is
considered as equilibrium. On the other hand, if the

accommodation time scale is very long compared
with the transit time scale, the process is frozen.

Three kinds of numerical codes have been
developed in our group. They are codes for the
thermo-chemically non-equilibrium flow, for the
equilibrium flow, and for the frozen flow. Usually one
of them is used to simulate a hypersonic flow
depending on a problem.

2.2 Thermo-chemically non-equilibrium flow

The approach employed in our code to the
thermo-chemically non-equilibrium flow is a two-
temperature thermal model proposed by Park. As the
chemical species, following 11 species, namely N, O,
N, Oz, NO, N*, O*. N2+, O'_>+, NO” and e, are
considered. Therefore the modeled system includes
11 species continuity equations, 3 momentum
equations, and 2 energy equations describing the
conservation of vibrational-electronic and total
energies.

The mass rate of production of each species
is expressed by Park’s chemical kinetic model. This
model includes totally 43 reactions of 21 kinds.

A Landau-Teller model is used to
determine the vibrational-translational relaxation
process, in which the relaxation rate is proportional to
the deviation from the equilibrium state. Millikan and
White presented semiempirical formula for
estimation of vibrational relaxation time. For
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temperatures above 8000 K, Park ° proposed
correction for the vibrational relaxation time, so
called collision limiting. We use above two models
(Millikan & White’s model + Park’s collision
limiting) to estimate vibrational relaxation time.

As the chemical-vibrational coupling
model, the  preferential  dissociation and
recombination model is used. In this model. the
dissociation of molecular species is assumed to occur
preferentially when the molecules are vibrationally
excited. To put it in the concrete, the rate-controlling
temperature of dissociation is evaluated by the
geometrical average of the local translational-
rotational temperature (Ty,) and the vibrational-
(T,). If one assumes
preferential dissociation and recombination of
molecules in the higher vibrational states, the
vibrational energy of diatomic molecules, which are
created or destroyed, should be larger than the
average vibrational energy. This effect is also
included in the code. '

The transport coefficients are estimated by
an extension of Yos’s formula to the multi-
temperature gas mixture.

Most part of the mathematical model is
based on the paper by Gnoffo et. al. >

electronic temperature

2.3 Wall catalytic effect

For the chemically non-equilibrium flow,
results vary according to wall catalytic effects.
Generally, we assume the wall catalycity to be fully
catalytic or non-catalytic. For the fully catalytic wall,
we assume the composition of air at the wall to be
equilibrium one that is characterized by the local wall
pressure and temperature. For the non-catalytic wall ,
we set the normal derivative of concentration of each
species to the wall to be zero.

2.4 Equilibrium and frozen flow

The procedures to simulate the equilibrium
flow and the frozen flow are almost the same. The
difference between them is the treatments of the
thermodynamic relations. For the frozen air model,
the thermodynamic relations are expressed by the
ideal gas equation of state. On the other hand, for the
equilibrium air model the thermodynamic relations
can not be expressed by simple formula. We use
curve-fit for the thermodynamic and transport
properties ** in simulations of equilibrium flows.

3. Numerical methods
3.1 Discretization in space

The governing equations are expressed in a
generalized curvilinear coordinate system and
discretized in a finite volume form. We use a
structured grid system.

3.2 Flux estimation

To estimate the convective flux term, the
Harten-Yee’s method * extended to the real gas is
used. This method is consists of the central difference
term and the additional correctional term, with which
2nd-order numencal flux preserving the TVD
characteristics is obtained. As the limiter function, we
use conventional minmod function.

As for the viscous, thermal conduction, and
diffusion terms, the central difference method is used.

3.3 Time integration

To obtain a steady state solution as a time
asymptotic one, we use the LU-SGS method ’. In this
method, using the lower-upper symmetric Gauss-
Seidel (LU-SGS) factorization, the scalar calculations
in forward/backward sweeping are performed instead
of the matrix inversion. It is expected that the
computational cost can be much reduced with this
method.

In the case of the chemically non-
equilibrium flow, because of the rapid production rate
of species, sometimes the governing equations
become stiff. To reduce the stiffness, the point-
implicit method is used. In this method, the source
term is treated implicitly apart from the convective
terms.

3.4 Heat flux estimation
The heat flux to the wall is evaluated by the
following expression:

oT 0T, U dy
] = T+ -+ h,D, —= 1
g=n—rn, — p?_;"an m
where ¢ is the heat flux to the wall, T, the
translational-rotational temperature, T, the

vibrational-electronic temperature, p the density,
and 7, the thermal conductivity, / the enthalpy, D the
diffusion coefficient, and y the mole fraction,
respectively. The normal derivative to the wall is
denoted by d9/an. The subscript s represents a species.
In the case of non-catalytic wall, the third term in the
right-hand side of the equation (1) is zero.
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4. Applied cases

In table I, the cases that we have applied in
this workshop are summarized. We have performed
the computations on the 11 cases of two problems.

Table I Applied cases

Problem Case  Non-equilibrium Equilibium  Frozen
Non-cat _Full-cat
1 ®
2 ®
I 3 ®
Sphere 4 [
s [
6 ®
1 ®
II 2 [ ]
OREX 3 [ J
4 [
5 ®
S. Problem I

Problem 1 treats flows around a sphere of
40 mm in diameter, where axisymmetric laminar
flows are assumed. Computations are performed for 6
cases which include three kinds of main flows and
two kinds of wall conditions.

5.1 Computational Grid

In figure 1, the computational grid used in
this problem is shown. The number of grid points is
51x81 and the minimum grid spacing near the wall is
2.0x10”° mm.

< case 1>

< case 3>

Figure 1 Comnutationai grid for problem 1

5.2 Results

Figure 2 shows the pressure contours of
cases 1, 3 and 5 respectively. As for cases 2, 4, and 6,
almost the same pressure contours are obtained. In
these figures, sharp shock waves are captured with no
unphysical oscillations.

In figure 3, the temperature distributions
along the stagnation streamlines are shown. In these
figures, T, and T, denote the transrational-rotational
temperature and vibrational-clectronic temperature,
respectively. The horizontal axes in these figures
represent the non-dimensional distance from the
stagnation point normalized by the maximum length
of the computational domain along the axis (in our

<caseS>

Figure 2 Pressure contours ( problem 1)
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Figure 4 Heat flux distributions along the body surface

case Xnx = 4 mm). In case 1 it can be seen that the
relaxation between T, and T, is relatively slow and
the non-equilibrium effect seems to be large. On the
other hand, in case 5 the relaxation between the two
energies seems to be faster than those of the other
cases and it is expected that the non-equilibrium
effect in this case is relatively small.

Figure 4 shows the heat flux distributions
along the body surface. The horizontal axes in these
figures represent the non-dimensional distance from
the axis line normalized by the sphere radius. In
comparison with the results of cases 5 and 6, the heat
flux to the non-catalytic wall and fully catalytic wall
are almost the same. This fact suggests that the flows
of these cases can be considered in equilibrium.

The symbols in these figures represent the
expenimental results of the wind tunnel tests provided
by the workshop organizer. The experimental data
agree well with the computed results of non-catalytic
wall case. The detail of the test condition is not
available, but according to the paper ° the Teflon
coated calorimeter shows non-catalytic behavior.

Usually, it is said that heat flux to a fully

catalytic wall is larger than that to a non-catalytic
wall under the same flow condition. But contrary to
our expectations, in our computed results, heat fluxes
to the non-catalytic walls are larger than those of the
fully catalytic walls. We will consider this subject in
detail in the following section.

5.3 Detail of the heat flux distribution

In figure 5, the calculated heat flux
distributions of cases 3 and 4 are shown similarly as
in figure 4. In addition to these, the conductive part of
heat flux to the fully catalytic wall is shown in figure
5. Figure 6 is taken from the Fay & Riddell’s paper®
and this figure shows the heat flux variation with the
recombination rate. The important points in this
figure are the reduction of heat transfer to a non-
catalytic wall and the fact that a conductive part of
heat flux to a catalytic wall is smaller than a heat flux
to a non-catalytic wall. The same tendency can be
observed in figure 5.

Figure 7 shows the mole fraction along the
stagnation streamline. This figure is a close view near
the wall. The solid lines in this figure represent the
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Figure 6 Heat flux variation with the recombi-
nation rate (from Fay & Riddell, ref. 9)

non-catalytic case and the doted lines the fully
catalytic case. As pointed out in reference 9, in the
non-catalytic case, the atoms are dammed up and the
greater recombination occurs. As a result, the
convective heat flux to the non-catalytic wall becomes
larger than that to the fully catalytic wall.

Therefore one of the causes of this
phenomenon in which the heat fluxes to the non-
catalytic walls are larger than those to the fully
catalytic walls seems to be rapid recombination rate.

6. Problem II

Problem II deals with the flows around the
re-entry vehicle, OREX. In this problem, an
axisymmetric laminar flow is assumed as it is in
problem I. Two flow conditions are given, and four
kinds of air and wall models are applied for one of
them. Therefore, in all, 5 cases of computations have
been carried out for this problem.

6.1 Computational grid

Figure 8 shows the computational grid
used for the computations of cases 2, 3 and 4. The
number of grid points is 58x61. For case 1, because

0.& ' ‘
‘\ Non-cat
‘N [ 11 ----- Full-cat
0_ \\\
\\
g ~
..3 \\ \ N2
20 SN | ——
&% TN o e m——
2 N
§ |9 ot
N/
02—+
‘II l,
A /
()é:’ { O,
0 0.1 0.2 0.3

X/Xmax

Figure 7 Mole fraction along the strcamline

(case 3, 4)

the expansion region at the vehicle shoulder makes
the computation difficult, the grid that is cut off at the
shoulder is used. For case 5, which is the computation
of ideal gas, because a shock formed farther away
from a body than other cases, a wider computational
region is taken.

6.2 Case 1

In figure 9, the computational results of
case 1 are presented. The Knudsen number of this
case is about 7x10”, and because of the rarefaction
effect, a rather thick shock wave is formed. Figure 10
shows the temperature distributions along the
stagnation streamline. The heat flux along the body
surface is shown in figure 11. In figure 11, the flight
data is plotted by the symbol. The flight data is
somewhat smaller than the computational result.

Computational grid (problem 11, case 2,

Figurc 8
3.4)
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Figure 9 Computational results (Problem II, Case 1)
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Figure 10 Temperature distributions along the
stagnation streamline (problem II, case 1)

6.3 Cases 2,3,4 and 5

In problem II, all cases except case 1 are
computed under the same flow condition. For cases 2
and 3, the thermo-chemically non-equilibrium flows
are assumed. The difference between the cases 2 and
3 is the wall catalytic effect. The non-catalytic wall
and the fully-catalytic wall are assumed in cases 2
and 3, respectively. Case 4 is the equilibrium flow
case and case S is the frozen gas ( ideal gas ) case. In
figure 12, the pressure contours for cases 2, 4, and 5
are shown. Since, in case 5, ideal gas is assumed, the
larger shock standoff distance is observed. On the
other hand, in case 4 (equilibrium case), because of
fast reaction rate, the shock standoff distance becomes
the shortest. The heat fluxes to the wall in cases 2. 3,
4 and 5 are summarized in figure 13. For this

0.15 ®: flight data

o —

e \

g 0.1 \\

] _

x ~—]

=

8 0.05

o
0 0.6 1.2 1.8

y (m)

Figure 11 Heat flux distribution along the body
surface (problem II, case 1)

problem, the heat flux to the fully-catalytic wall is
larger than that to the non-catalytic wall. In this
figure, the symbol also represents the flight data
provided by the workshop organizer. Also in these
cases, the computed stagnation heat fluxes are larger
than the flight data in some degree.

7. Conclusion

The computations for 11 cases which are
our task in “The 13th NAL Symposium on Aircraft
Computation Aerodynamics - High Enthalpy Flow
Workshop™ are described.

In the case of problem I (sphere case), the
computed results of non-catalytic wall case agree well
with the experimental results. In this problem, the
heat fluxes to the non-catalytic walls are larger than
those to the fully-catalytic walls. One of the causes of
this phenomenon seems to be a rapid recombination
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<case2 >

<case 4 >

<case 5>

Figure 12 Computational results in the pressure contours ( problem II )
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Figure 13 Heat flux distributions along the body
surface (problem I, case 2, 3, 4, S)

rate. More investigation is needed to fully understand
this phenomenon.

In problem II (OREX case), the stagnation
heat fluxes of two flow conditions are somewhat
larger than the flight data, however the computed
results agree with the flight data in the same order. In
this problem, several computations are performed
using different flow models under the common flow
conditions. The heat flux distributions do not vary
much with the flow model. For the simulation of
flight at a high altitude, a thick shock wave is
obtained because of rarefaction effect.

It is expected that the demand of space
projects which include re-entry may increase and the
importance of simulation of high enthalpy flow will
be greater and greater. Hereafter we would like to try
to develop more sophisticate and effective CFD tools.
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Numerical Simulation of High Enthalpy Flow

— High Enthalpy Flow Workshop —

Ryvoji Takaki and Yasuhiro Wada

Computational Sciences Division,
National Aerospace Laboratory in Tokyo, JAPAN

ABSTRACT

Numerical analysis of thermally and chenically nonequilibrium viscous flow around simple shapes
is carried out as an entry of High Enthalpy Flow Workshop. We chose Problem 1, flow around a
sphere, and Problem IV, flow around a spherically blunted cone. Park’s two-temperature model and
Dunn & Kang’s seven species and finite-rate eighteen chemical reaction model are used in order to take
accounts of thermal and chemical nonequilibrium effects. Axis-symmetric full Navier-Stokes equations
considering thermal and chemical nonequilibrium effects are solved by the Chakravarthy-Oshers’ TVD
scheme with generalized Roe’s approximate Riemann solver. Regarding time integration. the LU-SGS
implicit method with local time stepping method is used to suppress calculation time and increase

code stability.

1 Introduction

There are a lot of research and development about hy-
personic, re-entry or space vehicles recently. However,
it is difficult to simulate the flow of tvpical flight condi-
tions for the above vehicles with ground-based experi-
mental devices. On the other hand, recent remarkable
progress of computer hardware and numerical tech-
nique make it possible to analyze the flow including
thermo-chemical nonequilibrium phenomena, so called
‘real gas effect’. Hence the CFD analysis is indispens-
able for designing the high speed vehicles. It’s neces-
sary to validate CFD ability in order to use CFD as a
design tool. But it is difficult to obtain plenty of high
quality experimental data in the high speed flow fields.
Therefore this High Enthalpy Flow Workshop is very
precious opportunity to validate CFD ability. Hence
we took part in the High Enthalpy Flow Workshop and
attempt to Problem I and Problem 1V.

2 Governing Equations

The flow field is regarded as two-dimensional axis-
symmetric steady state flow. We consider mixed
gas flow with thermo-chemical nonequilibrium effects
(1. 2]. In order to treat the flow exactly. each energy
level of chemical species must be considered respec-
tively. However. such treatment increases the num-
ber of variables. the unreliability of relaxation models
and the difficulties in solving the equations. Therefore
Park’s two-temperature model (3. 4]is used in these
calculations. which is simple but has been reported to
get good results. In this model, the translational en-

ergy mode and rotational energy mode are considered
to be the equilibrium state and they are presented by
one temperature, so-called ‘temperature, T°. The vi-
brational energy mode and electronic excitation energy
mode are also considered to be the equilibrium state
and they are presented by another temperature, so-
called ‘vibrational-temperature, Ty’. Hence the govern-
ing equations consist of, two-dimensional unsteady full
Navier-Stokes equations, the conservation equations of
chemical species and the conservation equations of the
vibrational energy:

dq  OF, OFy,

=7 =S 1
ot + dz;  Oxz; )
where
P pU; 0
pu; ;s + pbi; a;
g=| E |.F;= (E+ply; |.S=] 0 |,
s PYsY; s
€y 5\'11_7‘ ,3
Fv,=
0
T"j
Oys oT JdTv
U — hst'.—_ S — \ 3
iU pzs: as, 7.’(71,- (n.+1 )01,-
Ys
—pD =2
g (').rj
s aT\
—ﬂZ’I\'.st(.-)i - (7]1.- + 7]5)_‘
. T, s

da

7

1
E=c+ §puf.
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F and Fy are the convective and viscous flux vec-
tors, and the vector § is a set of elements of thermo-
chemical nonequilibrium source terms. e presents to-
tal internal energy and it consists of translational-
rotational energy ¢, vibrational energy €, , and elec-
tronic excitation energy €., for each chemical species.
ev is the total of vibrational energy, electronic excita-
tion energy and translational-rotational energy of elec-
tron and it is characterized by vibrational temperature,
Tv.

These equations are transformed into generalized
curvilinear coordinates (7,£;,6;):

dq OF; OFy; .
. A Wbl =S
ar g, Tog, T

with

§g=Vq,5=VS,

FJ’ = TtﬂFl +nj2F2,
FVJ- = nleV] + nngyz.
V is the volume of a computational cell surrounding
a grid point. Vector m; = (nj1,nj2) is cell interface
normal of ¢;-direction. The effect of axis-symmetricity
is introduced by the treatment of metrics in finite vol-
ume method and additional element, a; appeared in
the source term, S. FEach conservation equation of
chemical species, and total mass equation are calcu-

lated together in order to suppress the total numerical
error.

3 Chemical Model

As a chemical reaction model, seven chemical species,
0,. N3, N, O. NO, NO* and e~ and eighteen finite-
rate chemical reactions are considered.

e O+ Mo O+0+MM=NNO.0,0;, N,

e N+ M e N+ N+MM=NNO,0,0,, N,
e NO+ Mo N+ O+MAM=NNO,0,0,,N;
e O+ NO = N+O,

¢« O+ N, N+ NO
¢ O+ N NOY + €™

The mass production rate of species s per unit volume,
W, is expressed as

N,
W, = Ms E(ﬂ:,r - Qs.f)(Rj,r — Rb.r)a

r=1

(3)

where N, is the number of reactions, a,, and S,
are respectively the stoichiometric coefficients for reac-
tants and products in the r reaction. Ry, and R, are
respectively the forward and backward reaction rates
for the r reaction, as expressed by

R,

Ry

kj,r H(P7a)u"r 3

kb.r H(P‘h)ﬁ"ra

&

i

(4)

where ks, and Ky, are respectively the forward and
backward reaction rate constants. In this calculation,
Dunn and Kang's chemical reaction model is applied
and these reaction rate constants are determined as
follows:

n -E s
kf', = C!',Tq’-'exp(Tf'—‘),
q

kb,r

—E,,
Gy T3 exp( —ITL)’

q

()

where T, is a dummy variables for the rate-controlling
temperature and defined below.

T, = VTTy for dissociative reactions

T,=Tv for the reaction of
electron impact ionization
T,=T for other reactions

Millikan and White’s semi-empirical equation with
Park’s modification which limits the collision at the
high temperature (above 8000K) is used as a relaxation
model between vibrational and translational energy.
Transport properties are calculated from the collision
integrals [1].

4 Numerical Techniques

The convective flux vectors are differenced using post-
processing TVD scheme {5, 6] with the generalized
Roe’s approximate Riemann solver [7, 8). The vis-
cous flux vectors are differenced with second order cen-
tral differencing. Therefore the right hand side has a
second order accuracy in space. The form of gasdy-
namic matrices is described first, and then the treat-
ment of the generalized Roe’s approximate Riemann
solver is presented. Three-dimensional treatment is
used for this description. Two-dimensional formula-
tion is a subset of three-dimensional one.
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4.1 Gasdynamic Matrices for Real
Gas

The eigenvalues and eigenvectors of Jacobian matri-
ces of the convective term are analytically derived for
nonequilibrium flow [6]. The Jacobian matrix A =
()

in genelallzed coordinates, is decomposed like this:

at an averaging state satisfying the property U,

A=TAT™, (6)

where T7! and T are, respectively, the left and right
eigenvector matrices. The diagonal matrices of eigen-
values A are expressed by

A = diag(U,U,U,U + |n;le,U — In;le, U, U,--), (7)

where

U=nju;, [|n;]=/n;?

@O ctrdp | Op .
dp " p Oc “0pv.  p ey
The eigenvectors used for this study, are calculated
using reciprocal vectors ! and m,
nl=0n-m=0l- m=01l-l=m -m=1).

6; Bp

4.2 Generalized Roe’s approximate
Riemann solver

Recently, upwind differencing schemes are often used
for flow computations. Up to now several upwind
schemes have been developed and most of them are
categorized as either Flux Difference Splitting (FDS)
or Flux Vector Splitting(FVS). FDS scheme uses an
approximate solution of the local Riemann problem,
and the most popular approximate Riemann solver is
Roe’s approximate Riemann solver [9]. Roe’s approxi-
mate Riemann solver has good efficiency and possibil-
ity of achieving high resolution of stationary disconti-
nuities. This solver can catch the stationary disconti-
nuities with one intermediate point. Roe has presented
an averaged gasdynamic matrix for perfect gas. For
nonequilibrium gas, the following averaged values are
taken [6, 7):
uf‘ + Duj-R

’ 1+D °

s
=75 D

HY + DH®

1+D

p=p"D, (8)

H=

where

The averaged pressure derivatives which satisfy
Eq.(9) are determined as:

2 - DIt
% = %
3?71;3 =L [B(Z];'s + 6—p(RT)2Ap7,],
o b2 Brnae),  (0)
where
D= D —-p_ﬁpép’
A= é[AL + AR},
D=AP + (Rmm,)? + (RTvev)?,
When T7! is evaluated at the Roe averagmg state,

a simple form for the characteristic vector T~ 'Aq is
given as:

T'Aq = (d',d% d%d* d a®F,a")!
EAp—Ap )
pe(l - Au)
pe(m - Au)

1
51ap + pe(n - Au)]
I
3[8p = pe(n - Au)]
EAey — e—f’Ap
p

& ApT,

4.3 Time integral method

Generally, nonequilibrium viscous flows have several
characteristic time scales such as a fluid scale or chem-
ical reaction scale. Such a disparity in time scale is
referred to as ‘stiffness’ causing numerical instability.
Thus, each term in the governing equations, especially
chemical sources should be treated implicitly to con-
struct stable schemes. For this purpose, the source
term is treated with the point implicit method in or-
der to increase the rate of convergence on steady state
solutions. The time integration of the left hand side is
carried with the LU-SGS [10] implicit method, and the
steady state is achieved by the local time step method.
The implicit time integration with LU-SGS method is
expressed as:

Thic dociiment i nrovided hv TAXA

173



174

1 eee 1 e .
1+ §At9)Aqi|j - §AtA~ Ag

i-1,5 i-1,3

1 . 1, -- . 1, .- . .
(1 + EAtP)Aqi,j + §AtA'~+l,qu,~+1,J' + §AtBi,j+lAQi,j+1 = Aq

where,

o =x Y max[N(Au])
k
. oFy
A

A7 = 5lA £ xmp N (A1)

K is a constant that is greater than or equal to one.
The use of approximate Jacobian matrices in the LU-
SGS method makes the inverse algorithm very sim-
ple. With this approximation the implicit operators
can be completely vectorized on oblique planes, which
are equivalent to oblique lines in two-dimensional cases
and the inversion of these operators is equal to forward
and backward sweep of these planes and lines.

1 1A e .
(1+ §Atg) AG:; = JAY: P (12)

ML FHRM AR B 205

I

%AtB+ AT

ij-124¢i ;1

—At{RHS);;,
iJ

1

A minimum grid length is 0.0002mm. Hence Cell
Reynolds number is about 0.05, 0.1, 0.18 for Case 1(2),
Case 3(4) and Case 5(6), respectively.

It is very important for designing of thermal pro-
tection system to estimate heat flux distributions pre-
cisely. The heat flux values depend on the grid length
near the wall, which are evaluated by Cell Reynolds
number. Therefore, we especially pay attention to the
size of the Cell Reynolds number. We calculate with
grids which have different size of the Cell Reynolds
number and compare the heat flux values to investi-
gate the influence of the Cell Reynolds number. The
stagnation heat flux values obtained after such pre-
calculations are 8.791, 12.03, 13.93, 18.72, 10.27 and
13.88 for Case 1 to 6, respectively. The stagnation
heat flux values of Case 2,4 and 6, which are fully cat-

alytic cases, are about 1.4 times higher than Case 1,3
and 5, which are non catalytic cases.
5 Results and Discussions

5.1 Problem I Sphere

Figure 1 shows a computational grid for Problem I.
This grid is composed over a semi-sphere because it is
not necessary to calculate the base region in this prob-
lem. The number of grid points is 73 points normal to
the surface times 56 points along the sphere surface.
This grid is used for calculations from Case 1 to 6.
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Fig. 2 : Pressure contours (Case 1)

For example, Fig. 2 shows the pressure contours
in Case 1. Figure 3, 4 and 5 respectively show the
heat flux distributions along the body surface (Fig.
3), temperature distributions along the stagnation line
(Fig. 4) and distributions of mass fraction for chemical
species along the stagnation line (Fig. 5).

Fig. 1 : Computational grid around a Sphere
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Fig. 5 : Mass Fraction distributions along the stagnation line

We regard Case 1, 3 and 5 as Case 2. 4 and 6, re-
spectively because the results are almost the same each
other. From Fig. 4-a and 4-b, the temperature jump at
the shock wave are similar in Case 2 and Case 4. There-
fore the Shock wave in Case 2 and Case 4 have almost
the same strength. However, the temperature distribu-
tions after the shock wave of Case 2 are different from
Case 4. The energy exchange between T'(translational-
rotational energy) and Ti-(vibrational-electron excita-
tional energy) of Case 4 is more active than that of
Case 2. Hence Ty follows T beter in Case 4 due to

the difference of free stream pressure. The free stream
pressure of Case 2 is relatively lower than that of Case
4. Hence the flow of Case 2 is more nonequilibrium
than that of Case 4. This tendency also can be seen
at the difference of the dissociation of N, between Fig.
5-a and 5-b.

The free stream pressure in Case 6 is heighest among
these cases. Therefore, there is the smallest difference
between distributions of T and distributions of 7y in
Case 6. From Fig. 5-c, N, dissociation in Case 6 is
least because of the relatively lower temperature after
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the shock wave.

5.2 Problem IV Spherically Blunted
Cone

Figure 6 shows a computational grid for Problem IV.
The number of grid points is 90 points normal to the
surface times 163 points along the surface. A mini-
mum grid length is 0.0026mm. Hence Cell Reynolds
number is about 2.
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Fig. 6 : Computational grid around the Spherically
Blunted Cone

Figure 7,8 and 9 respectively show the temperature
contours (Fig. 7), vibrational temperature contours
(Fig. 8) and pressure contours (Fig. 9) for Case 2. We
can see strong bow shock at the front of the body and
share layer starting from the shoulder of the cone.

Fig. 7 : Temperature contours (Case 2)

Fig. 8 : Vibrational temperature contours (Case 2)
Fig. 9 : Pressure contours (Case 2)
1.0
t Quex= . 2.67725 (MWim®)
08 %J‘
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Distance (/R)
Fig. 10 : Heat flux distribution (Case 2)
Figure 10 shows the heat flux distributions along the
body surface. The values of heat flux at the stagna-

tion point are 2.23 for fully catalytic case and 2.68 for
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non catalytic case, respectively. The heat flux distri-
butions have maximum value at the stagnation point.
local extreme value at the shoulder of the cone and in-
crease at the aftbody. The re-attachment point and re-
compression shock wave cannot be seen clearly in Fig.
7, 8 and 9. However. the increase of heat flux at the
aftbody in Fig. 10 means a existence of re-attachment
point and re-compression shock wave.

Finally, Figure 11 and 12 show stream lines at the
wake region.

: Stream lines

Fig. 12 : Stream lines at the wake region

From Fig. 11 and 12. there are some eddys at the
wake region. One large first eddy. one middle eddy and
three small eddies can be seen.

5.3 Conclusions

Numerical analysis of thermo-chemical nonequilibrium
viscous flow are carried out for the problems of High
Enthalpy Flow Workshop.

Dunn & Kang's seven species and eighteen reaction
model is used as a chemical nonequilibrium model and
Park’s two temperature model is also used to take ac-
count of thermal nonequilibrium effects.

In the high speed flow analysis, it is still difficult to
validate CFD code because we can not get a plenty of
high quality data from the experiment. However, it is
necessary to validate CFD code to make CFD be useful
tool for the design of high speed or space vehicles.
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1. Problem I Sphere BP9
= T o+ — <= > kR

FEFEHERAFLERI DV TR, REFSHI T T OHNEOREMEKRL. &
HEPbREFIRBAMKEBIFREINT S, RESOHTHRR. .23
FEROFRERROBAICIIREEES D Poblem-1-1 L RFSOQ XM S

4 b T Problem-1-1- @ £ 3 3,

FHEHBK (Problem I-1,1-3,1-5, IEM 7 — 23 L T)
EAPRER—HBRREDOFEHEo-. —BRROEBEUZHOTHERTEP(0-U=?)
70y b95, FEHOMBE 0005 100 TEMB T2 28T 3,
N, FEOAMERL oy PT B &,

FHEEMRK (Problem I-1,1-3,1-5, JEM i — 2% L T)
BETRISINVEVHEL, —BROBEET-TERTILELDDE T D v b
T35, HHFABAOREEE Tmax SHPIKZOEEWHETE I &,
2REETFNVERACEFETEIRHEBEEICODVTORBEL I +—<y TS
oy FEITV., Tvmax DEZXMWHELT 5,

ZWEHES 53 (Problem I-1,1-3, [-5, M & — 212D T)
XHEEDZHE. REAENDOREH Pmax TERIT/L L. D50 Bric E
HERERBIIHR-TZORHE27T oy M5, MMZEZEH. BWZEEME L.
BERESYROBRRKFEETERRTET Y. B, EHORKEZEP(p-U?)
THERRTALLET,. HPIKZTO@EEHET S I &,

FEEIMBYH
FMMBHAD Y — 2D TR, ZHMB Q" BREHMBAOREE Qmax
THERTALEZTV. ChE27D0y bT5, ERFEHEBOOENRGDOHAE
REET B, 2L, Qmax D% W m TRPICHET S &,
MBEHDOSHLIERIIDOTR., FMEHOZIMBRIHFRICAKRICT oy b
TS5, CDH, BMOREMEIL 1028308, 20, £#H&T 3,

LEHLERBICHOERDE
HES2XEZ, AORALFEREEOIXNTORF%* I KORIcSoy b33 2
Eo MMBYHEAINS., WHREIZHR-> THEFROBRAMO EE TLE b,
BAMOEEM»R10ELZLIICERTILET Z, MMIHERSET
0005 10DFEHEM S, £/, hEmHOoHEHARBRAMNO S E TOE
BMERPICHET S &,
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® IEHEAMBICHBRIBELS

REMBOLFEEEL. WM. BEEZOLDETNVEV BN TS Dy FT 3
CEo EHPIC Tmax DEE X IIVE UHBAL (K) THRT B I &,

CREETNVERVIEHATRRYEEOEZOLOLELE. OERAEOR
7oy UL FIVEVBHETERRT S, Tvmax DELBET 5,

BEF+Tarv,. HES. ERAEOHEIFEETLEMTT,

BRERECEXAAREOHFER., SHHFE, LHBILAVLZRO
DRETRETORCZHFHOEELIHARLTT I,
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2 . Problem I OREX B P9
= Js 7 o4+ — == > R

PR, FHRRVUZLIBHELE ROV TR, ThZhOHBEOR %
EERLU. BHEDBREIRFMITBEIFTELH9T3, IBERBOMIT Hi.

REAREFHROFEHERHOBAICIIBEE S D Problem-11-1 - R E S
D% HHEDE T Problem-1I-1- @ & T 3,

EERK
ENPR—BEOEE o, ~BAOEFU-ZACTERTEP(0-U.7)
270y bT3, EEROMBIIE 0005 100 TEMBET20 483 5,
B, FEOAMER LTy T 5 &,

FEHERK
BETR7VECHEE L, ~BHROEET-TERTLAL, FEABRNOR
SEE Tmax FHPICZDOEEBET S &,
CREETNVERCLHETCIEYRAEIISDLTOREL T oy FEF S,

XHEN W
RHENFHIRI. EMENORE M Pmax TERITIL L. Wik Brwiic &
ERERIIB-TZOS4HE2T 0y b5, MEEH., HEsEEms L.
BERCUGRORAYLETERRTIET Y Wb EHOBKMEEP(0-U?)
TERTALLET, P Z0EERNLTE &,

XHEOMBIH
ZhHm#  Q BREAKE Wo)TEL. ZHMBOREE Qmax T
WRTALZETO. ShETo0y b T3, ERHERQOOEHNFIGOARER
BRET D, 7oL, Qmax D2 W or TR$PICHETZZ &,

SESLTMBICIBIHEBESHR (8 Problem-11-1 ~ Problem~II—4 1% L T)
HESERR, AOL¥ERIEEOIXTORA* 1 KORIC Ty b4 3 =
Eo RBMBUMEEIS., AR - THEAROBAMNDOE T TE b,
BAMOERGI10ENILIICERTILT S, RMIERSET
0 0205 10DHBMEMS, o, HRAI»SHEFARBENMO S E TOME
BERPICHET I L,
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® &R HERICHBOBESS
BEHMEIOLRAKE L, WM. BEZOLOXEHIVE VBN TTDY bT 5
& FREPIC Tmax DEX S IVE VB (K) THETSIZ &,
2REETNERACIHETCREHEEOEZOLO X £, MERESH
M7 VEVBUTETRT 5,

@ ConeBEHOEAALOCEBAMICOT LILEBLICBIZ2EFEEIN
(B8 Problem-1I-1i2x L T)

SEHEAFODLTSDOLNIEDHED, ConeHERNOEALEILROEL,
PRECRODSHTEAOHEATCOREERICBRHIBETEFELIRICERTE L
F i

BFEEORMBBEFHEE Ne(al )& L. EERIIHROBIHEEOR
RETHERTIEL, RM~DT Dy Mid kgro (Ne) Jog1o (Nemax) Z B &

T, HBMBEBRRIIB -V EELSDOERE L. EXr— L THETD S
VaFEETCOEERIIB -2 E2Toy PLET,

BF+T7ar, RES. ERABOHEBIFEITOLRHHTT,

BREICEDNBREFOHBER, HEHE, FLHBICHAVILZZELRD
DUEBRETCORCHFBOMEZEZWRZLTT XL,
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3. ProblemII
Hyperboloid Flare BP9
H 7 o4+ — == >
EF#HM. TERABHELERIIODVTR. ThEhoJEORZERL. &
BEBREIRBAMIBIEZLHIICT S, IBFESOHIFHR. 1LEZXTHE
FHEFOFRERNDOIBEICIIBEEEST O Poblem-11I-1 E HFFTOQ %M A
& b ¥ T Problem-III-1- @ & 9§ 5,

EE#K
EAPR—BHEDEE p.. —BHOEFEU. MO TERTRP(0-U-?)
270y 45, SEROMKBE 0005 L0OMTEHMET 0 583 5.

FERERKN
BETR 7VE B EL, T-TERTAELLLDE Ty VT 5 &, 5
RRAEANORKEE Tmax SRPICZOEEHET S Z &,
REETINVERACILHETREHEEIIODOTH T-THAKITIL L.
Tvmax DE TR LUAEL 7oy bET S,

ZEMEN W
FHENDHEI. RKEEDORRME o-U’ TERRETALL. WERIFEK
B-oTXORHET Oy bT5, MBEEN, BWMEEERE L. EEGIH
Bro7 V7 -—WAETORILEI0ELLET DY PEITH. BB ES
DBRARKBEEP(p-U-")THERITALLET, P IKZOEEHET S &,
BHE. ARKERORHEEZTFTENERT I &,

EEENIMB LA
Zhm#HB Q BEEBRHKE W/ m) TEL. Qmax Dl THEXTIL L.
INEToy bT B, RFAFEROOENFIHDOAFRERMBET S, 12725 L.
Qmax DfEZE W/ m' TRPICHETEI E, FIL7 LT —BEHBOELM
B OVTREDOHANEZJNKICTERT S I &, THREE, b,
RRICEROBHEEZTRENEI RS I &,

LEBTRBICIEIHERDER (FF Problem-1II-2 ~ Problem-II-3 i~ L T)
HESEZ, FOXERIEEOINTORLZ 1 ORIZToy b3 32
Eo HEMRBPEEIS., WEBMICKR- THEAROBEAMOSXZ TED.,
BAMOEE®N10ERDELIICERTIAALT S, HMIEELSET
0005 10DHEHEM S, 70, WHhEISHEFARBANOE T TOE
WMERPICHRET S &
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® LEARBBRICBIBESS

RBEIOLEEEL., HWMI. BEZOLOESIEVHBMNTT Dy b T3
Sl ERRPIC Tmax DEE Y IVE VB (K) THRT S &,

C2HRABETNVEROCLAETREDEAEOHEZDO L OE Y VE V BAITER
5,

BEF+7Trar, HBES, ERAEOEIFHEETHLEMTT,

REiICZNHBREOHERX., HBEHE., FLHEBEITAWZZRD
MAEZHMEBETCORCHBHOBEWREZLTTI UL,
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a . Problem IV
Blunted Cone BP9
H g o o — <= w» bk

R, MYy - AO0HEEREIIOLTHER, ThZhoNBEOREEKL.
BEREDARZTIRMICEIEZLHICTE, IESOHFI AR, &2
FFEROFAEBRHNOBFAICIREES D Problem-1V-1 ERFF OO %M
%48 D T Problem-1V-1- @ & § 5,

O HEHK
' EAPR—BROFEp-. ~ BROFBEU-ZFHOTERITEP(p-U?)
7oy boB, FEROMBIZ 0005 LOOHTEHEMB TS0 28T 5,
U, M, FEMBEOH Yy - AEFHE L THWEIRAICEEMBORERDA

OF oy bTEU,

@ %HAE$K
BETR ZLVEVHMEL, T.-TERTALELDET oy FT52 &,
BHEAAOBESEE Tmx IRPICZOEEHET S &,
2HREETTNVEROCLHETREHEZEIZIDOTHL T-TERITIL L.
Tvmax D E %X LRERXL 7oy FET 9,
Pl U, M. FMBEOHy — REHBE LTV 3BANREMBOREDS
DToy FPTEL,

Elc'l-l

® ZEHEHNSH
XEENZHR. EAENOREGHE p-U- TERTILL. WEEIHMIZ
BoTZDOHHmET Y V95, MBEAES. WL EE®HE L. BEEIT 2
B L%10&ELETOy FEITH, BB, ENOBRKEEP(0-U")TH
R LT, MPICZEDOEEWNRL TSI E, BB, ANKICEROR KA
TrENETRT I &,

@ XmEHIMBHAH
ZHMEBE Q REMBHE Wm)THEUL. Qmax O TEXRTIL L.
INE2TOy T3, ERFEROOENAHDOHIRNERBEET 3, XL,
Qmax D% W m* THRHPIKHEE TSI E, b, AIRICERORBE2 T
hidRd I &,

Thic dociiment i nrovided hv TAXA



188 EFHER A AR ESIE 295

® IELLEFHERIIBOEERE
BEASBRB. AL EREBEOIXRTORAE2 1 BKORICToy T 52
E, BMBOAEIS.,. DEBICHR-> THERARORAMO ST TED.,
BAMOEERNI0ELZLHIICERTIET S, KMIERHSET
00005 10DRHEM S, /o, WHEIOCHBEFAREAMO I TOE
MERPICHERT S &,

® I&EIRBRICBOIBESM
BEEIOLRARE L. WMiZ. BEZOLOEXSVE VTS Oy + T3
ZEo FRHPIC Tmax DEXE S NVE VBA (K) THRTHI &,
REETNEHOCEHE TR EYEEOHZDO LD E Y VE VB TER
T 5o

BEF+TYar. HES, ERREOERFHEITLEMTT

BRRCKXABREFOHEA, HHEHE, FLHETHOLERD
MHRZHBETORCHRAHOEELZHULLTF X,

Thic dociiment i nrovided hv TAXA



m-— 4

189

J— 7 Y aw
F &

Thic dociiment i nrovided hv TAXA



Thic dociiment i nrovided hv TAXA



BISAMZERABER Y Y v R YUY LBRXE 191

4-1

BEIUI LY - T -2 av T T

Summary of High Enthalpy Flow Workshop

National Aerospace Laboratory

MLZe5 H Bt 7E B A 47k
Yukimitsu YAMAMOTO

Abstract

In the perspective of Japanese space projects, the knowledge of high enthalpy and high Mach number flow,
occuring during the atmospheric reentry of space vehicles, has regained recently considerable interest. The need to
support aerodynamic design of space vehicles under the enviroments where experiments is very difficult and costly,
has driven the use of High Enthalpy Flow. Hence, high enthalpy flow workshop was held at NAL in June, 1995 for
axisymmetric flow problems. Four problems are proposed to the participants; flow around shere in DLR HEG high
enthalpy shock tunnel comdition, OREX at flight comdition, hyperbolid flare in Geottingen Ludwig Tube and ONERA
F4 hot shot tunnel condition and 70deg blunt cone in flow conditionHEG. This paper summarizes the computational
results and discusses future improvement in the analysis of high enthalpy flow by High Enthalpy Flow.
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Measuremnet Locations of Electron Static Probe

> HS

OREX OUTLINE

(Xst,¥Yst)

0.0 > X
0.0

Xst

Yst

875.07 mm
1534.22 mm

Details of Electron Static Probe
Measurement locations

(Xst, ¥Yst)

K B-1
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Flow Simulation by CFD
e Numerical method

— Axis-symmetric calculation by the use of control-volume metric
— Chakravarthy-Osher non-MUSCL second-order TVD scheme based
on the generalized Roe’s approximate Riemann solver

¢ Physical model

— Park’s two-temperature model
x T-V relaxation
-+ Collision limiting
- Diffusive relaxation model/ alternative relaxation model
x Preferential Dissociation model

+ Park’s reaction rate model T, d = V11,

— Blottner’s 7-species chemical reaction model
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Flight Trajectory and Probe Temperature History
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Data supplement by CFD — temperature

Trans./Vib. Temperature(K): 1-T CFD

K): 2-T CFD
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Data supplement by CFD — velocity
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Electron Density Calculation

Calculation procedure

Probe theory:

n = n(I, Uﬂow,Te)

Flight data: I: lon-saturation current

CFD: Uflow’Te

Results
& 20.0 .
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. © Flight Data analyzed by 2-Temp. CFD &
| 1-Temp. CFD
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Probe temperature is critical
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B-9 Electron Density at Probe 2
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B-10 Electron Density at Probe 1
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OREX Flight Trajectory
Time | Flight Altitude Velocity Temperature Pressure C/C Stag Temp M-
Time (Flight Data)
t t(sec) | H@km) |U = (m/sec) Te(®) |P-(Nm?) Ts (K)

0 | 7361.0 105.0 7451.0 217.5 0.0196 332 25.11
10 | 73706 | 1011 7454.65 195.1 0.032 365 26.53
20 | 7381.0 96.77 7456.3 192.3 0.0726 422 26.72
30 | 7396.0 92.816 7454.1 - 188.7 0.163 492 26.97
40 | 7401.0 8845 | 74443 186.87 - 0.231 587 27.07
50 | 74115 84.01 7415.9 188.9 0.594 690 26.82
60 | 7421.5 79.90 7360.2 198.64 1.0524 808 25.96
70 | 74315 75.81 7245.7 206.82 21117 928 25.04
80 | 7441.5 71.73 7049.2 214.98 4.023 1078 23.89
90 | 7451.5 67.66 6720.3 225.99 7.892 1251 22.22

100 | 7461.5 1 63.60 . 6223.4 237.14 14.02 - 1413 20.09
110 | 74715 59.60 5561.6 248.12 23.60 1519 17.55
120 | 7481.5 55.74 4759.1 258.74 39.48 1571 14.71
130 | 7491.5 51.99 3873.4 268.2 63.48 1557 11.8

140 | 7501.5 48.40 3000.0 270.65 98.5 1501.0 9.06

£ C-1
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HYPERBOLOID-FLARE TEST CASE

141

0O Experiments

1 I 1 1 AL l 1 1 1 1 l 1 1 3 3 l 1 1 1 1 L 4 b 1
0.010 0.020 0.030 0.040 0.050 ¥

(a BT AHILKE

HYPERBOLOID-FLARE TEST CASE

Experiments _
o o5 | o

"0.00 | 0.05 n.10
b 2&H

lEdeFMm%m§#~§EEhﬁﬁ
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HYPERBOLOID-FLARE TEST CASE
Cp i
12L O  Experiments d
- DLR o/ &
I
C l 1 i 1 1 l 1 1 1 1 | 1 1 1 1 l 1 1 1 1 l 1 1
0.080 0.085 0.090 0.095 0.100 X
B D-2 F4(HotCase) e #k, REEH9#® OHMIAKLKE
i HYPERBOLOID-FLARE TEST CASE
0.08 -t v
-
- L1 DLR
Stanton iy CIRA
i ————— ONERA
0.06 - ——-—-= ESTEC
L Experiments
L1
0.04 |-
0.02 -
0.00
0.00 X

F4(HotCase) ¢ BRXEX S H
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HYPERBOLOID-FLARE TEST CASE i
i
i

O O
DLR O i
------ CIRA : i
mioeene ONERA o /
—— - ESTEC O fr7 Iid
Experiments ii’;_,/"' S SN

Y 1 1 l 1 1 1 1 _L 1 1 L 1 , | P I | 1 ] 1 1 1 l
0.080 - 0.090 0.100 0.110 0.120
() I Bt $2 % 45 A =

D-3 F4(HotCase) & # RAEESH
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1.0 @ e -_
osl: \§. - : ".\l SR
o e e s ". &
g 08| - ;“@._q;-f-"“ 3\ E .
§ 04| [ e 132 11aBMIKg | i - -
° 127 1097 MUkg | [
02| a 128 11.27 Mkg | Y R
: o 129 1090 MJKg [ & -~ . .
ool o 130 11.28 MJ/g |: %,-'...f:_‘:___
-0.0 0.6 1.2 18 24 3.0
S/R,

Normalized heat flux on front body

B E-1 #EHMME HEGRHGE HHEREAEXSH

0.3 ”
A
. ; ai gO- ©o o

» ' ‘ ‘ . A ga‘_m . -0 -
: : A -ve : :
0.2 : SR o ‘39 . xxm‘.-oo

. . o x - e
S S B . 8e

Lol ‘

2 Co x
. s . :
t;_;, 0.1 Loy : Pl
K= . o [---®---- 132 11.48 MJ/Kg
%so%&;‘fm@" x o 127 10.97 MJ/kg
0.0 o : a 128 11.27 MJ/kg
STING o 129 10.90 MJ/kg
: o 130 11.28 MJ/kg
x LaRC 1.05MJ/kg|
5.0 6.0 7.0 8.0 9.0 10.0
S/R,,

Normalized heat flux on the sting for same
test conditions (Ho=10MJ/kg & Po=50MPa)

M E-2 $HAAH¥ HEGRYGE AT+ VIIBREESH
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Probl em I —1, 2

HEG % #
RKEDLYHOFRN
RO 2EME S - X

S

V « =5939m/s WnN =0.0

T  =705K Wo = 0.1708

0 « =0.00156kg/m-  Wne= 0.762

Twall=300K Woz= 0.0348
Wno= 0.0317
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ENRE
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Problem
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(i= &)

H—-11

MaxT, = 8110.009 (K)

$AERE

I-1

Problem
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PROBLEM 1I-1

Pressure distribution along the sphere surface

P /(p.Ul)=0.9444

1.0—'0-{;\0\o~

Pmax = 0.9431

\ b em%‘*:
0.8
0.8 \
0.6 N 0.6
!
£
£
0.4
0.4 K
0.2
0.0
0.0 0.2 04 0.6
: — 4 y/R
0.2 0.4 0.6 0.8 1.0 Problem-I-1-3
Y/Rsph H_ 3
H-1
P Pmax=0.9315
1.0000 s ,
0.9442 v \\ 08 \
0.8000 A
0.6
3
: £
., &
0.6000 T
0.4 \
0.4000 \
0.2 \
0.2000 S
‘.' \ 0.0 0.2 0.4 0.6 0.8 1.0
x y/R
000 020 040 060 080  1.00 He1lo
H—8

Problem |-1 Sphere
Non Catalytic Case

Pressure Distribution

Problem

I-1 EEEASH
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1.0 4t

(PPt mer = 0.94291

0.8}

Plp_u.?

0.4

0.2

.

0.0 L 1 " 1 s 1 N 1 s J
0.0 0.2 0.4 0.6 o 0.8 1.0

Distance (/R)

Fig. Problem-I-1-3 : Pressure Distribution along the Surface

H-11

Problem 1I-1 EEEDSH
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248
PROBLEM 1-1,2
Heat flux distribution along the sphere
Q™ =0.521x10" w/m’, QL ™=0.638x10" w/m?

Q.. =0.638x10" w/m?

1.2 —9—\0\0\0 Qmax(non-catalytic) = 8.317e+6 W/m*2
Qmax (catalytic) = 1.289e+7 W/m*2
ﬁ\\\l —A— Non-cat 20
1.0-A\A\ \ =O— Full-cat 1.8
A\A-
0.8
® “\'\\
g o
9 0.6
Bog \
vn%‘ \
h‘&ﬂ%%\
0.4 h‘-\
0.4 0.6 0.8 1.0
I T T T y/R
0.2 0.4 0.6 0.8 1.0 Problem=I-1-4 H—3
YR
H-1
Qmax noncat = 9.565 MW/m2 ] . ,
Q/Qmax noncat Qmax fullcat = 17.340 MW/n? Y — Qmax=14.58x10°(W/m°<)
1.8129 — T \
-’ 2 — Non-cat
1.6000 \\ 0.8 AN
N N
‘\
\ Full-cat
1.2000 N x 0.6
"\ \ g
.......... . Xe]
.................... “ G
""""" . 0.4
0.8000 -]
\
\\
0.2 <
0.4000 \
0.0 0.2 0.4 0.6 0.8 1.0
X
0'000%.00 0.20 0.40 0.60 0.80 1.00 y/R
H-10
H— 8 Problem |-1,2 Sphere

Heat Transfer Distribution

Problem 1I1I-1,2 EARARSTH
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2.0

Qumas= 10.09560 (MW/m?)

0.0 s 1 N 1 L i L
0.0 0.3 0.5 0.8 1.0

Distance (/R)

Fig. Problem-1-1-4 : Heat Flux Distribution along the Surface

H—-11

Problem 1I-1,2 TERARSH
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PROBLEM I-1

Co
Species mass fraction distribution along the stagnation streamline — cy
2
X/L=0 - the sphere surface, L=10 mm c
(o]

— Cno
100_‘5 — CNO*
E —_— C(‘:
PO —
= T 10 xmax = 0.0024 m
103 ™
ol N | e —
s 10 3
: ]
Z& 107
1 A yeY D St =2 e " iopiginintutn & Srmumpepees oo
107 -----1-‘
0.00
XL ProblemI-1-5
H-1 H=3
1.0 Xmax=4mm
1.0000 ) ‘ |
; i
| |
0.8 ; ; N
08000““ “*QA.‘*".‘.‘QQ‘-A-Ai ArAcAd -ATA \
- "
‘-_. ." c ( N+
l. ’A' -g 0.6 O+
0.6000 X Y x —N 718
x 'A‘-A a —o0 = N2+
* a4 — N2 L q +
o — Q02 a */ O2
a — NO o 04 NO™
0.4000 e T} = o
\
0.2 ——0
0.2000 X EE%WQMBMGMGDQ@GMGDT N NO
¥ % 0 ¢
i ! IV .
0.0 0.2 0.4 0.6 0.8 1.0

X/Xmax

Problem |- 1 Sphere Non Catalytic
H-—38 H-10

Mass Fraction along the Stagnation Stream Line
Problem 1I-1 FEBAMBREAESTH (EMRT —R)
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1.0
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Max Length = 4.000 (mm)

02 04 06 0.8 1.0
Distance

Fig. Problem-1-1-5 : Mass Fraction along the Stagnation Line

H-11

Problem 1I-1 SEBLRABRRNBRAEDS (FMRT —X)
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PROBLEM I-1

Temperature distribution along the stagnation streamline

X/L=0 — the sphere surface, L=10 mm

T- translational/rotational temperature, T =15207.17 oK
Ty - vibrationaVelectronic temperature, Ty max =9302.34 °K

Tmax = 1.56458+4 K
: pfi Tvmax = 6.4782¢+3 K
14 xmax = 0.0024 m
C/ \ 2.0e+4
12 =T |—
=-A— Tv
1.5e+4 st
> N
£ 8 . Z\ Jffd
2 X 1.0e+4
a6+ Q . ‘ﬁq o
\ \ 5.0e+3
) \ \ g
2 N—
ngA_A_A_A_ZOHOU.O 0.2 0.4 0.6 0.8 1.0
i X
T 1
0.5 0.20 0.25  0.30 Problem-I-1-6 H-3
X/L
H-1
T Tmax = 13479.6 (Ttr)max=14832K
15000.0 16,0 max=4mm i (Tv)max=8212K
£3 Tie
12000.0 7 —
S X120
™
o
k>
8000.0———= by
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PROBLEM 1-2

Species mass fraction distribution along the stagnation streamline c c
(07!
X/L=0 - the sphere surface, L =10 mm c
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PROBLEM I-2

Temperature distribution along the stagnation streamline

X/L=0 - the sphere surface, L=10 mm

T- translational/rotational temperature, Tpax = 15754.63 °K
T, - vibrational/electronic temperature, Ty max = 9303.02 °K
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Fig. Problem-1-2-6 : Temperature Distribution along the Stagnation Line
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Probl em I—3,4’»

HEG % #
REbHLbYoOlEh
HMERTEL2ME S - X

at & M

V ~ =6180m/s Wn = 0.0

T » =934K Wo = 0.1468

O « =0.0034kg/m-:  Wne= 0.744

Twall=300K Wo2= 0.0659
Whio= 0.0429
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PROBLEM I-3

Pressure distribution along the sphere surface

P /(p.U2)=0.9559

1.0-0—0\0\0.

Pmax « 0.9528
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Fig. Problem-1-3-3 : Pressure Distribution along the Surface
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PROBLEM 1-34

Heat flux distribution along the sphere
Q™ =0.857x10" w/m’, QY==0.803x10" w/m’

Q.. =0.857x10" w/m’

Qmax(non-catalytic) = 1.435e+7 W/mA2
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Fig. Problem-1-3-4 : Heat Flux Distribution along the Surface
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PROBLEM 1I-3

FLZE FHBEM T ARSI E R 295

Species mass fraction distribution along the stagnation streamline

species mass fraction

X/L=0 - the sphere surface, L=10 mm

Problem | -3 Sphere Non Catalytic

Mass Fraction along the Stagnation Stream Line
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Fig. Problem-1-3-5 : Mass Fraction along the Stagnation Line
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PROBLEM 1-3

Temperature distribution along the stagnation streamline

X/L=0 - the sphere surface, L=10 mm

T- translational/rotational temperature, T, = 14578.06 0K

Ty- vibratilonavzlect:oﬁic tcmzraturc Tm =9073.00 °K Tmax = 1.6895e+4 K
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Fig. Problem-1-3-6 : Temperature Distribution along the Stagnation Line
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PROBLEM I-4

Species mass fraction distribution along the stagnation streamline q 8

X/L=0 - the sphere surface, L=10 mm
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Fig. Problem-1-4-5 : Mass Fraction along the Stagnation Line
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PROBLEM I-4

Temperature distribution along the stagnation streamline

X/L=0 — the sphere surface, L =10 mm

T Tmax = 9573.9
T- translational/rotational temperature, Tax = 14479.48 °K
T, - vibrational/electronic temperature, Ty max = 9225.59 °K 15000.0
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Fig. Problem-1-4-6 : Temperature Distribution along the Staguation Line
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Probl em I — 5, 6

HEG % #
KExbbhoin
MR EEME T — X

AR H

Ve~ =5151m/s WnN = 0.0
T~ =708K Wo = 0.0406
0 - =0.0058kg/m->  Wne= 0.733
Twall=300K Woe= 0.1578
Whno= 0.0688
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PROBLEM I-5

Pressure distribution along the sphere surface

P, /(p_U2)=0.9533
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Fig. Problem-1-5-3 : Pressure Distribution along the Surface
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PROBLEM I-5,6
Heat flux distribution along the sphere
QU =0.607x 10" w/m’, QM =0.578x10" w/m’

Q,, =0.607x10" w/m’

Qmax(non-catalytic) = 1.124e+7 W/mA2
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PROBLEM I-5

Species mass fraction distribution along the stagnation streamline

species mass fraction
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PROBLEM I-5

Temperature distribution along the stagnation streamline
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PROBLEM I-6

Species mass fraction distribution along the stagnation streamline

X/L=0 ~ the sphere surface, L=10 mm
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PROBLEM I-6

Temperature distribution along the stagnation streamline
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Problem 3-1-3
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