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ABSTRACT

This report presents a detailed description and results of force and heat flux measurements conducted at the High-
Enthalpy Shock Tunnel (HIEST) of the Japan Aerospace Exploration Agency (JAXA). The HB-2 standard hypersonic bal-
listic configuration was employed as a model. The force measurement tests used an aluminium alloy model and a three-
component aerodynamic balance. An acceleration compensation technique was used to remove vibration components from
the original data. Heat flux measurement tests used a chromel model with a total of 28 co-axial thermocouples press-fitted
onto the surface. Time histories of temperature data were numerically integrated to determine the surface heat flux by
applying one-dimensional heat conduction theory. Both force and heat tests used a conical nozzle, and a total of three
enthalpy levels of 4, 8, and 11 MJ/kg and two levels of 4 and 8 MJ/kg were set for the force and heat tests, respectively.
Although much higher stagnation enthalpy can be attained, relatively lower enthalpy levels were selected to compare with
a blow-down type hypersonic wind tunnel and to alleviate uncertainties inherent in high-enthalpy facilities. The force test
results correlated well with other hypersonic wind-tunnel data for the axial force coefficient at the enthalpy level of 4
MlJ/kg, while a notable discrepancy was observed at the higher enthalpy levels of 8 and 11 MJ/kg. The real gas effects on
aerodynamic characteristics are examined and discussed. In the heat test, a comparison of the heat flux distribution along
the surface with data obtained in a blow-down type hypersonic wind tunnel showed good agreement in the nose part, typ-
ically within several percent. The present experiment was conducted as a series of comparative test camipaigns between two
hypersonic facilities in JAXA. Since the tunnel stagnation conditions and the corresponding data are tabulated in detail for
each shot, the present test data are believed to serve as a complete database for evaluating aerodynamic force and heat flux

data obtained at large-scale high-enthalpy shock tunnels.
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NOMENCLATURE 1. INTRODUCTION
A = Reference area, tD’/4 In designing and developing future hypersonic flight vehicles,
a = Acceleration accurate prediction of aero-thermal characteristics during the
A, = Model base area atmospheric re-entry is of particular importance. Due to limita-
C, = Zero-lift gross (total) axial force coefficient, £,/g.. A tions of conventional ground-based experimental facilities, it is
C,r = Zero-lift forebody axial force coefficient, C; —(peo— practically impossible to produce flows of desired Mach number,
DuAp) 1A Reynolds number, and total enthalpy which exactly match actual
C., = Chapman-Ruebesin constant flight conditions. A numerical prediction obtained by applying
c = Specific heat computational fluid dynamic (CFD) techniques is to date insuffi-
D = Reference centerbody diameter (see Fig. 2) cient in terms of reliability since it includes a number of uncer-
F, = Axial aerodynamic force measured by the balance tainties for both the numerical and physical aspects. Therefore, it
H = Enthalpy per unit mass is apparent that the use of either an experimental or numerical
k = Thermal conductivity, main coefficient of balance approach alone is inadequate for a reliable flight prediction and
M = Mach number applying all of the possible approaches in determining the pre-
m = Equivalent inertia mass diction is the best method for obtaining high accuracy from a
P, = Pitotpressure general point of view.
P, = Tunnel stagnation pressure The Japan Aerospace Exploration Agency (JAXA) has two
P = Static pressure large-scale hypersonic facilities called the 1.27 m Hypersonic
Do = DBase pressure Wind Tunnel (HWT) and High Enthalpy Shock Tunnel (HIEST).
q = Heat flux, dynamic pressure These facilities are common in the sense that they cover hyper-
= {(3as constant sonic speeds, but there are a number of differences regarding the
Re = Free-stream Reynolds number based on centerbody free stream properties and tunnel specifications. Specifically,
diameter HWT is a blowdown type wind tunnel and therefore its flow
R, = Nose radius of hemisphere properties can be calibrated well and the flow duration time is
T = Temperature sufficiently long to measure accurate data. However, the stagna-
T, = Tunnel stagnation temperature tion enthalpy attainable in HWT is approximately 1 MI/kg and is
t = Time much lower than actual flight conditions at hypersonic speeds.
u = Velocity On the contrary, in HIEST, although much higher enthalpy levels
Vo = Shock speed at the shock tube end up to 25 MJ/kg can be obtained, there are many unknown factors
v = Viscous interaction parameter, M VCul/Re inherent to the high-enthalpy short duration facilities. Hence it is
X = Balance voltage output, axial distance meaningful to use these facilities in a synergistic way, such that
i = Viscosity coefficient the merits of one facility compensates for demerits in the other
Ioj = Density and vice versa. In other words, one facility should be used to
Subscripts improve capability and/or accuracy of the other such that both
stg = Stagnation facilities benefit.
w = Model surface (wall) From this viewpoint, in JAXA, a comparative test program was
0 = Stagnation, initial initiated and performed for the above two facilities to obtain
o = Free-siream force/heat flux data using a common model configuration. Our
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Fig. 1 JAXA High Enthalpy Shock Tunnel (HIEST).

final goal is to have a practical guideline for accurately and reli-
ably predicting aero-thermodynamic properties of actual flight
vehicles through the synergistic use of these facilities together
with the aid of CFD. Of the two, the force and heat flux measure-
ment tests conducted in HWT were already reported in detail in
Ref. [1].

In the present report, results are presented for the HIEST
force/heat flux tests performed as a succeeding part of the com-
parative test campaign using a ballistic-type model configuration
designated as HB-2. The tests were conducted at three nominal
enthalpy levels of 4, 8, and 11 MJ/kg for the force tests and two
levels of 4 and 8 MJ/kg for the heat tests, respectively. Both for
the force and heat tests, the data are compared with existing
experimental results obtained at other hypersonic facilities
including the HWT data and accuracy of the present data are
examined. Since the experimental data and corresponding tunnel
stagnation conditions are presented in detail, this report is
believed to be one of the first publishment which includes a set of
detailed force/heat flux data obtained in a large high-enthalpy
shock tunnel and useful as a database for the validation of hyper-
sonic CFD codes.

2. FACILITY

A schematic view of HIEST is shown in Fig. 1. HIEST is a
large-scale free-piston type shock tunnel which consists of a high
pressure air reservoir, compression tube, shock tube, nozzle, test
section, and dump tank. The total length and weight of the facili-
ty is approximately 80 m and 300 tons, respectively.

The basic operation procedure of this facility is as follows. The
high-pressure air in the secondary air reservoir (20 MPa maxi-

mum) launches a piston into the compression tube filled with

helium as a driver gas at an initial pressure of 100 kPa. The pis-
ton is accelerated up to 400 m/sec and the driver gas is adiabati-
cally compressed in the compression tube. At the end of the com-
pression tube, a high-pressure diaphragm, which separates the
compression tube and shock tube, ruptures at a certain pressure.
This results in generating a strong shock wave inside the shock
tube, so that a high-enthalpy stagnation condition of the test gas
can be attained behind the reflected shock wave at the shock tube
end. Furthermore, the shock tube and nozzle is separated with a
thin plastic diaphragm, which easily ruptures when the shock
wave arrives. The high-pressure, high-temperature test gas
expands through the nozzle throat made of copper alloy.

The Mach number and unit Reynolds number in this facility
range from 6 to 10 and 2.5 X 10° to 1.0 X 107 /m, respectively. A
conical nozzle with exit diameter of 1.2 m and half-apex angle of
12 degree is utilized. The nozzle throat diameter is exchangeable
to obtain various free stream Mach numbers and Reynolds num-
bers.

A more detailed description of the facility is found in Ref. [2].

3. MODELS

3.1 Model configuration

In the present study, a relatively simple model configuration
was employed because it is preferable to minimize uncertainties
coming from any geometrical complexity from the viewpoint of
tunnel-to-tunnel comparison. The HB-2 type model employed in
the present test is a standard model proposed in a joint program of
the Advisory Group for Aerospace Research and Development
(AGARD) and Supersonic Tunnel Association (STA) in 1950-
60's [3]. This has an analytical shape that consists of a sphere,

cone, cylinder, and flare as shown in Fig. 2.
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£ID Table I Nominal test conditions

Condition A B C D E
: D Moment Reference . Throat diameter (mm) | 40 40 40 50 40
o T ' Hy (MJ/keg) 4 8 8 8 11
' / L Py (MPa) 15 20 45 45 30
01 ] I M 9.9 85 81 7.6 7.8
— 400 ’ Re (x10° 1/m) 09 04 08 1.2 05

Fig. 2 HB-2 configurations.

3.2 Force model and three-component aerodynamic balance

The force model used in the present study is made of alumini-
um alloy (A7075) and the weight is 4.78 kg without the balance.
The length and centerbody diameter of the model are 490 mm
and 100 mm, respectively. The nose part is exchangeable with an
alternative part which has a screw hole in the head to allow
dynamic calibration tests using a fracture stick. The three-com-
ponent aerodynamic balance installed in the model has an inte-
gral structure with the sting-model support system. A cross-beam
type balance having high stiffness was used to enhance the
response speed in the axial direction. The capacity of the balance
with respect to the axial force, normal force, and the pitching
moment are 980 N, 4,900 N, and 147 Nix, respectively. The main
coefficients obtained from a static calibration test are 11,793
N/mV, 10,803 N/mV, and 47.523 Nm/mV corresponding to the
axial force, normal force, and pitching moment.

To reconstruct axial force from the output signal containing
vibrational effects, the acceleration compensation was made by
using two accelerometers (ENDEVCO 2250A-10) attached to an
adapter in front of the balance. The sensitivity of the accelerom-
eter is 10.22 mV/G. A detailed schematic of the model is illus-
trated in Fig. Al of Appendix A.

3.3 Heat model

A common heat model between the HIEST and HWT was fab-
ricated and used in the present test campaign since the dimension
of the test section of these facilities are almost identical. The
length and centerbody diameter of the model are 490 mm and 100
mm, the same as the force model. In this model, a total of 28
chromel-constantan type co-axial thermocouples of 1.5 mm
diameter (Medtherm TCS-E-10370) were press-fitted. A total of
8 sensors circumferentially located in the flare part were used in
the HWT test as a check on the symmetry of the measurements.
The model is made of chromel in order to avoid electromotive
force caused by the difference of thermoelectric properties
between the material of the model surface and the outer tube of
the thermocouple [4]. The position of each sensor is illustrated in

Fig. A2 and tabulated in Table Al of Appendix A.

4, EXPERIMENTAL PROCEDURE

4.1 Test conditions

The detail of the present test conditions is as follows. A coni-
cal nozzle with an exit diameter of 1.2 m and a half-apex angle of
12 degree was utilized. Concerning the nozzle throat diameter,
two different sizes of 40 mm and 50 mm were used to obtain var-
ious free stream Mach numbers and Reynolds numbers for the
force tests, whereas it was fixed to 50 mm for the heat tests. The
nominal test conditions of the present force/heat tests are sum-
marized in Table 1. The reservoir pressure was measured by two
pressure sensors placed at the shock tube end and the reservoir
enthalpy was determined from the measured shock speed and the
reservoir pressure assuming equilibrium chemical compositions.
The free stream conditions were then computed using the one-
dimensional nozzle flow program NENZF [5] with the reservoir
conditions as input.

Although much higher stagnation enthalpies can be attained,
relatively lower enthalpy levels were chosen in the present study
(such low enthalpy conditions can be realized by increasing the
mass fraction of argon gas in the driver tube). This is based on the
concept that an emphasis is placed on the assessment of the mea-
surement data obtained at a short duration facility by comparing
with a blow-down type cold wind tunnel whose flow properties
are expected to contain less uncertainties. In this sense, it is
preferable to minimize uncertainties inherent to a high enthalpy
facility such as nozzle throat erosion and flow contamination. At
each enthalpy level, repeat shots were made to examine data
repeatability. Both for force and heat tests, the angle of attack was
fixed to zero degrees and the model was installed on the nozzle
center axis.

Photographs of the heat model/support system, overview of the
nozzle/test section, and the model placed in the test section are
provided in Figs. 3, 4, and 5, respectively. Two permanent probes
which have a hemispherical nose with a radius of 10 mm and
monitor the Pitot pressure and the stagnation point heat flux are

mounted 300 mm above the nozzle centerline.
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L I

Fig. 3 Heat model/model support system.

Fig. 4 Nozzle/test section overview.

Pitot pressure Heat flux

probe probe

Fig. 5 Heat model installed in the test section.

4.2 Data acquisition/reduction

Generally, aerodynamic force measurement in an impulse
facility such as a shock tunnel includes a number of problems due
to extremely short flow duration times. As a flow takes place, the

model and its support system impulsively respond to the flow

onset and keep vibrating over the measurement time. In order to
extract actual aerodynamic force from data including such oscil-
lating components, an acceleration compensation technique
using accelerometers was applied in the present study.

By assuming rigid body, the axial force F, acting on a model

can be expressed as
F.=kx+ ma (1)

where k, x, m, and a denote the main coefficient of balance, bal-
ance voltage output, equivalent inertia mass, and acceleration of
the model, respectively. Hence the force data , which includes
vibration component, can be compensated by applying the above
relation together with the acceleration data @ measured from the
accelerometers. The equivalent inertia mass m can be reduced
from dynamic calibrations using a fracture-stick. In order to
remove random noise components, both balance voltage and
accelerometer data were smoothed with a moving average filter.
Next, the following empirical formula provides a relation
between the free stream dynamic pressure g ., = p .. u% /2 and the

Pitot pressure

Bl [ 1.073 P, H,=4Ml/kg
1.064 P,

@
iy H,=8 — 11 Ml/kg ‘

The difference of the factor comes from the degree of real gas
effects on the specific heat between the two enthalpy levels.
Therefore the dynamic pressure is reduced from the Pitot pres-
sure data measured from the permanent probe. The aerodynamic

force is then converted to the axial force coefficient defined as

Ci= ﬁ (3)
where A = tD” /4 is the reference area. Finally, the time series of
axial force coefficient data calculated from Eqgs. (1)-(3) is aver-
aged in time with an averaging interval of 2 msec (e.g., from 2.5
to 4.5 msec of the measurement time for 4 MlJ/kg data). No base
pressure correction was performed in the present test although it
has been reported in the HWT test [1] that the effect of base pres-
sure correction to the total value can reach as much as 4%.

For the heat flux measurements, the junction of the thermo-
couple sensor (expected to be located near the chromel/constan-
tan border) was made by scratching the surface using sandpaper
and the time history of the sensor voltage was recorded using a
data recorder. The voltage data were recorded at a sampling fre-
quency of 500 kHz. In order to remove noise components, data
were smoothed by applying the first-order least square fitting

technique at each sampling point with a fitting interval of 2 msec
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(note that the moving average corresponds to the zeroth-order
least square fitting). The smoothed sensor voltage was then con-
verted to temperature using a polynomial expression which
relates the thermoelectric voltage to temperature. To reduce aero-
dynamic heating from the thermocouple data; it is assumed that
1) heat conduction along the body surface is negligible and 2)
thermal properties are not dependent on temperature. Denoting
the temperature measured at each time step (%, ¢, -+, £,) as (7{#,),
(), -+, T(1,)), we can evaluate the model surface heat flux at
time ¢, by applying the formula of Cook and Felderman [6], [7],

which is written as

//_)g n Ty =TG-

W =2 L Ve, @
where 7° denotes temperature increment from the initial value,
ie., T'(t) = T(t) — T(t,). The thermal effusivity defined as vVock
was specified as an averaged value of chromel and constantan at
a reference temperature of 100°C (Vpck = 8918.6 Ws"/m’K).
Finally, the computed time history of the heat flux was averaged

in time to produce a time-averaged value for each shot.

5. RESULTS AND DISCUSSION

5.1 Force tests

As described in the previous section, to perform the accelera-
tion compensation, the model equivalent inertia mass m was
determined from the dynamic calibration tests using a fracture
stick. Figure 6 (a) shows the time history of the balance axial
force kx and acceleration a (averaged value between the two
accelerometers) obtained in the present calibration test. From the
figure, it is seen that the acceleration shows an opposite phase to
the balance axial force. The inertia mass was then reduced from
the spectral ratio of kx and a together with the natural vibration
frequency of the balance system in the axial direction (1.22 kHz).
A total of 5 calibration tests were performed and the averaged
inertial mass was evaluated as 6.25 kg, which is very close to the
sum of balance attachment weight (1.5 kg) and the model weight
(4.78 kg). Figure 6 (b) shows the time variation of the recon-
structed axial force expressed as F, = kx + ma. It is confirmed
that the axial force converges to zero as expected.

By using the inertial mass obtained, the axial force coefficient
can be reduced from Eq. (1) to Eq. (3), together with the bal-
ance/accelerometer output and Pitot pressure measured at each
shot. Shown in Figs. 7, 8, and 9 are typical time variations of
axial force, Pitot pressure, and the axial force coefficient for the
three enthalpy levels of 4, 8, and 11 MI/kg (condition A, D, and

E in Table 1). In order to average the axial coefficient data in

1560 T T T T T 200

kx

1000
100
500

> %
z 0 s 10 £
i | p
500
-100
-1000/- i i
§
} L i i L L -
1500, 3 3 7 g 9 16200
Time (msec)
@
1500 T T T i T
10005 F, = kx+ma, m=6.25kg
500 h
Z
= l'l % -
o or ﬂywwf%wwm
g
-500F h
1000 7
} | L 1 L )
1500 n 5 3 7 g 9 10
Time (msec)
®)

Fig. 6 Results of fracture stick calibration test.
(a) Balance output and acceleration
(b) Recovered axial force

time, a test window of 2 msec was chosen from 2.0-2.5 msec after
the flow initiation time, when the Pitot pressure and axial force
were found to have settled down. Because of the relatively low
stagnation pressure (i.e., small balance output), the aerodynamic
coefficient data for the enthalpy level of 4 MJ/kg includes many
random components compared to the other two enthalpy levels.
As confirmed from Fig. 7 (a), the level of force output in this case
is at most 100 N, which is much smaller compared to the balance
capacity for the axial direction (980 N). Hence the data inevitably
includes a series of noise components which cannot be removed
even by using the present data reconstruction technique. On the
other hand, the data of H, = 8 MJ/kg shows the largest axial force
output because of the high stagnation pressure (see Table 1), and
the axial force coefficient indicates almost a constant value
around the time of 3 msec.

Next the time-averaged axial coefficients are plotted as a func-

tion of the viscous interaction parameter v, defined as

L MVTS

© = /Re &)

where Co, = U T / il T, is the Chapman-Ruebesin constant
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Fig.7 Measured time histories for shot 406 (H, = 4 MJ/kg).
(a) Balance output, acceleration, and recovered axial
force

(b) Pitot pressure
(c) Axial force coefficient

and assumed to be unity. The data are also compared with data
obtained at the HWT, Arnold Engineering Development Center
(AEDC) von Kérmén Gas Dynamics Facility (VKF) Hypersonic
Wind Tunnel (C), and AEDC VKF Hypervelocity Wind Tunnel
(H) in Fig. 10. As already mentioned, the data of HWT was taken
from wind tunnel tests performed as a series of the present com-
parative test campaigns and summarized in detail in Ref. [1].

Since HWT is a blow-down type cold wind tunnel, the stagnation
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Fig. 8 Measured time histories for shot 402 (H, = 8 MJ/kg).
(a) Balance output, acceleration, and recovered axial
force
(b) Pitot pressure
(¢) Axial force coefficient

enthalpy attainable in this facility is at most 1 MJ/kg and hence
real gas effects are expected to be negligible. The stagnation pres-
sure and corresponding Mach number and Reynolds number
based on the centerbody diameter of the model are 1 MPa, 9.5,
and 1.0 X 10°, respectively. Under these conditions, the viscous
interaction parameter becomes almost identical to the value
obtained in HIEST at the enthalpy of 4 MI/kg.

The data of AEDC wind tunnels were cited from Ref. [3]. Both
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Fig. 9 Measured time histories for shot 410 (H, = 11 MJ/kg).
(a) Balance output, acceleration, and recovered axial
force
(b) Pitot pressure
(¢) Axial force coefficient

AEDC tunnels are also blow-down type wind tunnels and the
stagnation temperature of the VKF (C) tunnel is around 1000 K
and is almost same as in HWT. In the VKF (H) tunnel, a free
stream Mach number of up to 20 can be attained, and a relatively
low Reynolds number range from 1.7 X 10* to 6.8 X 10* results
in a large viscous interaction parameter.

Note that the HWT data are zero-lift axial force coefficient

defined as

1 T T T T
o JAXAHWT
09t ©  AEDC VKFC 1
& AEDC VKFH
2 a  HIEST Hy=4Ml/kg |
sk = HIESTH=8MI/ks | - ]
50 e  HIEST Hy=11MIKg | °
= i
[0} a A
Q2
Q 0 7 L -
& °a
=
= 0.6 g% q
»
2 B e °
k=1
[
0.5+ 1
0.4 Lt : L ! :
0 0.05 0.1 . 0.15

. 2
Viscous parameter, M/Re'”

Fig. 10 Comparison of axial force coefficient with other wind
tunnel data as a function of viscous interaction parame-
ter.

(P Do) Ap

Car=Cy — GowA

(6)
where p, and A, denotes the base pressure and model base area,
respectively. From the HWT tests, it has been found that the zero-
lift axial force coefficient is typically around 2% lower than the
total axial force coefficient. The quantitative impact of the base
pressure contribution on axial force coefficient for the present
test conditions is yet to be determined.

As can be seen from Fig. 10, the HIEST data of H, = 4 Ml/kg
indicates a reasonable correlation with the HWT/VKF tunnel
data. On the contrary, the data for higher enthalpy cases notice-
ably deviate from the correlation trend. Since the degree of devi-
ation becomes larger as the enthalpy increases, it is conceivable
that this is caused by real gas effects.

To extract the real gas effect contribution, we assume that the

axial force coefficient can be expressed by the following form
Cs = Cyigen + ACy + AC, e M

where C, j4q 18 the coefficient for ideal (i.e., inviscid) flow, AC,
the contribution for the viscous interaction effects, and AC, .y
the contribution for the real gas effect. Since the flow of HWT
and VKF can be treated as thermally perfect, the first two terms
in Eq. (7) can be modelled by correlating these data and
expressed as a function of viscous parameter, which results in

Moo
Caigea + AC, 11y = 0.556 + 2505 /o= ()

Therefore the real gas contribution AC, ., is estimated by sub-
tracting Eq. (8) from Eq. (7) for each enthalpy level. The relation
of AC, .y versus the stagnation enthalpy is plotted in Fig. 11.

Generally, even in the case of Hy = 11 MJ/kg, the stagnation tem-
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Fig. 11 Estimated real gas e.ects for axial force coefficient ver-

sus tunnel stagnation enthalpy.

perature is not sufficiently high enough to dissociate air and
hence a series of real gas effects are considered to be relatively
minor. However, Fig. 11 clearly indicates that the axial force
coefficient significantly decreases as the stagnation enthalpy
increases. it is uncertain whether the real gas effects are primary
responsible for this trend, but there is a possibility that the change
in pressure distributioni on the flare part due to dissociation
decreased the axial force. Since the flow behind a bow shock
wave at the cone/flare part is supersonic, dissociation acts so as to
decrease the pressure. As far as the axial force is concerned, the
pressure distribution on the flare plays a dominant role in deter-
mining total pressure drag. Therefore the pressure decrease in the
flare part may noticeably change the axial force coefficient even
though the degree of dissociation is low. A detailed CFD analysis
is expected to give useful information for understanding the basic
mechanism of such real gas effects and this will be addressed in
the near future.

Finally, the tunnel conditions and corresponding axial force
coefficient data for each shot are summarized in Table D1 of

Appendix D.

5.2 Heat tests

For the heat tests, the flow field was visualized by the
Schlieren technique and typical photographs for the two enthalpy
levels of 4 and 8 Ml/kg (condition A and B in Table 1) are indi-
cated in Figs. 12 (a) and (b). Concerning the shock shape, notable
differences are not observed between the two conditions.

As previously mentioned, data repeatability was examined for
the two enthalpy levels by conducting a total of 17 shots (10 and
7 shots for the 4 and 8 MJ/kg cases, respectively). In Figs. 13 and
14, time histories of sensor output and heat flux for the sensor
corresponding to the stagnation point (sensor 4 in Fig. A2) for the
shots 376 and 379 are shown. Note that the stagnation enthalpy

and pressure are almost identical for these two shots (see Table

(b

Fig. 12 Heat test schlieren photograph.
(a) Hy =4 MJ/kg (Shot 379)
(b) Hy = 8 Ml/kg (Shot 388)

D2 of Appendix D). For Fig. 13, the heat flux indicates almost a
constant value after the flow field is established. The noise tem-
porary observed at the time around 2 ms is probably due to the
electrical disturbance caused by impingement of the starting
shock wave to the sensor cables. On the other hand, very noisy
output all through the measurement time is observed for the shot
379 in Fig. 14, although the tunnel conditions are almost the same
as 376. Such noisy data were observed only for the nose part
(sensor 1-9 in Fig. A2) and not for sensors in the cylinder/flare
part. Considering this, we can mention that one probable cause of
this is the impingement of flow contaminations such as the sec-
ond diaphragm placed in the throat. In fact, a number of scratch-
es were observed on the model surface after the shots of 4 Mi/kg
case as can be seen in Fig. 15. Since these noisy data were
observed only at the enthalpy level of 4 MI/kg and not at 8
MI/kg, there is a possibility that the free stream temperature at f,
=4 MJ/kg is not high enough to vaporize the diaphragm.

Next the comparison of the time-averaged heat flux data

between the model and permanent probe at the stagnation point
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Fig. 13 Measured time history at the stagnation point for shot
376.
(a) Sensor output
(b) Heat flux

for each shot are tabulated in Table 2. These two data points are
compared by assuming that the stagnation point heat flux varies
inversely with the square root of the nose radius. The validity of
this assumption is examined via a CFD analysis in Appendix B.
It should be noted that the data from shots 378, 379, 381, and 385
include large noise components due to the flow contamination
discussed in the previous paragraph and hence they are not
included. It is confirmed from Table 2 that the permanent probe
data typically exceeds the model data. From the previously per-
formed flow calibration test, it was observed that the Pitot pres-
sure at the point 250-300 mm from the nozzle center line is
around 5% higher than averaged value for the case of H, =
4 MJ/kg. Hence it is conceivable that the flow non-uniformity in
the radial direction is a cause of this discrepancy. The effect of
model/probe surface roughness is also a non-negligible factor to
cause a measurement error. In addition, uncertainty concerning
the depth of the thermocouple junction is another possibility. It
has been pointed out that as much as 30% of uncertainty can be
caused in a short duration test facility if the thermocouple junc-
tion is 0.1 mm deep into the body surface. This is further dis-
cussed in Appendix C. In any case, the data variation for each
shot is normally kept within 5% and hence the data repeatability

of the present test is found to be satisfactory.
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Fig. 14 Measured time history at the stagnation point for shot
379.
(a) Sensor output
(b) Heat flux

Fig. 15 Close-up view of heat model nose part after the shot.

Figures 16 (a) and (b) show an example of the comparison with
the data obtained at the HWT heat test for the normalized (divid-
ed by the stagnation value) heat flux distribution along the model
surface. As earlier stated, the same model as used in the present
test was used in the HWT tests. The stagnation enthalpy and
Reynolds number of HWT in this case is | MJ/kg and 2 X
10°1/m, respectively. A detailed description of the HWT data is
found in Ref. [1]. The error bar for the HIEST data indicated in
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Table 2 Comparison of the stagnation point heat flux between the model and permanent probe

Shot No. 376 377 380 382 383 384 386 387 388 389 390 391 392
Gmodel (MW/m?) | 1.679 1.888 1.800 1.740 1.920 1.700 4.540 4.510 4.140 4.360 4.290 4.040 1.940
Gprobe (MW /m?) | 2,820 3.002 3.360 3.292 3.399 3.322 0.186 8456 7.617 7.761 8571 T.781 3.475

Grodel / probe 1.028 1.090 0.928 0.915 0978 0.886 0.856 0.924 0.941 0.973 0.867 0.899 0.967

= rescalled by square root of the nose radius

Fig. 16 means the random uncertainty (precision limit) for the

normalized value and was evaluated as

s(a)=la,

where, for example, Aqg =2¢ and o is the standard deviation. In

2

aq)+ (E?:;A%g ) ©)

Fig. 16, a good agreement of typically within several percent is
noted for sensors in the nose part where the level of heat flux is
relatively high. This trend holds both for H, = 4 and 8 MJ/kg
cases, implying that the change of stagnation enthalpy has little
effect on the normalized heat flux distribution. In other words, it
can be confirmed that, as far as the present test conditions are
concerned, it is reasonable to compare the present HIEST data
with HWT although the tunnel conditions are different for each
other. On the other hand, in the cylinder part, there is a discrep-
ancy compared to the HWT data since the sensor output fre-
quently suffers from large random noise components due to low
heating.

Finally, details of the present heat test data and corresponding

tunnel conditions are summarized in Table D2 of Appendix D.

6. CONCLUSIONS

As a series of comparative test campaigns between two hyper-
sonic test facilities in JAXA, force and heat flux measurements
were conducted at the High Enthalpy Shock Tunnel, HIEST. A
ballistic type configuration designated as HB-2 was employed for
the model and the test was conducted at the tunnel stagnation
enthalpy levels of 4, 8, and 11 MJ/kg for the force tests and 4 and
8 MV/kg for the heat tests.

For the force tests, axial force was measured by using a cross-
beam type three-component balance and was converted to the
aerodynamic coefficient by recovering the data to remove vibra-
tion components through an acceleration compensation tech-
nique. It has been found that the present compensation technique
can reasonably recover the original data and extract meaningful
information. By plotting the axial force coefficient as a function
of the viscous interaction parameter, a good correlation with
available data obtained at other hypersonic test facilities was con-

firmed for the case of H, = 4 MJ/kg. On the other hand, the data

——— HWTI
o HIEST(Shot #376)

Alyq

o HIEST(Shot #386)

0.1

®
E
53
0.01+
0 100 200 300 400
X (mm)
(b)

Fig. 16 Comparison of non-dimensional heat flux distribution
between HIEST and HWT data.
(a) Hy =4 MlI/kg (Shot 376)
(b) Hy = 8 MJ/kg (Shot 386)

for the enthalpy levels of 8 and 11 MJ/kg slightly deviated from
the correlation trend for reasons as yet to be determined, possibly
due to real gas effects.

For the heat tests, temperature data were recorded using
chromel-constantan type co-axial thermocouples and were
numerically integrated in time to determine the surface heat flux
by applying one-dimensional heat conduction theory. The stagna-
tion point heat flux data showed good repeatability, within 5%
both for the enthalpy levels of 4 and 8 Ml/kg.

The comparison of the normalized heat flux distribution in the
nose part of the model showed the present data to be within sev-

eral percent of measurements obtained at a blowdown-type cold
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wind tunnel, indicating that reliable data were obtained in HIEST
from a qualitative viewpoint. The effect of the stagnation
enthalpy difference on the heat flux distribution was found to be
negligible in the range of the present flow conditions.

Finally, the present force/heat test results are believed to pro-
vide useful information as a database for hypersonic/high-
enthalpy test facilities and for the validation of hypersonic CFD

codes.
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Appendix A
Detail of the force/heat model

2100

490.0

13

20
15 1515 17 18 ¥

View from backward

Fig. A2 Sensor location of HB-2 heat model.

Table A1 Heat flux sensor location

Sensor No. z {(mm) y (mm) 6 (deg)
1 13.9 -25.3 0.0
2 6.5 -18.6 0.0
3 1.7 -9.9 0.0
4 0.0 0.0 0.0
5 1.7 9.9 0.0
6 6.5 18.6 0.0
7 13.9 25.3 0.0
8 22.9 29.8 0.0
9 41.0 38.2 0.0
10 99.3 46.3 0.0
11 78.9 49.9 0.0
12 108.9 50.0 0.0
13 170.7 50.0 0.0
14 228.1 50.0 0.0
15 254.8 50.0 0.0
16 275.6 50.0 0.0
17 300.4 50.3 0.0
18 329.8 52.5 0.0
19 364.6 57.9 0.0
20 404.0 64.9 0.0
21 439.3 71.1 0.0
22 439.3 50.3 45
23 439.3 0.0 90
24 439.3 -50.3 135
25 439.3 -71.1 180
26 439.3 -50.3 225
27 439.3 0.0 270
28 439.3 50.3 315

Appendix B
On the relation between the stagnation point heat flux

and nose radius of a hemisphere

In section 5.2, the stagnation point heat flux data were com-
pared between the model and the permanent probe by assuming
that they are inversely proportional to the square root of the nose
radius. This relation can be derived from the theoretical formula
of Fay and Riddell [8], together with the velocity gradient at the
boundary layer edge given from the Newtonian flow theory [9].
In order to examine as to whether this theoretical relation is valid
in the present test conditions, a numerical analysis was made by
using a Viscous Shock-Layer (VSL) code.

The VSL technique can solve hypersonic flows around a blunt
body both quickly and accurately. This equation system is
derived from the steady-state Navier-Stokes (NS) equations by
keeping terms up to second order in the inverse square root of the
Reynolds number. Although an approximate method of solving
the NS equations, the VSL technique can produce essentially
identical results compared to the NS solution for a certain flow
conditions of interest. In the present analysis, a set of stagnation
point heat flux data for various nose radii were obtained and the
results were correlated in terms of the nose radius. The code used
in this analysis was previously developed by one of the present
authors and its detailed description is found in Ref. [10].

The VSL analysis was performed for the condition of H, = 4
MJ/kg with a perfect gas assumption by incrementally changing
the nose radius from 10 to 30 mm, according to the actual values
of the permanent probe and model. Figure B1 shows the stagna-
tion point heat flux obtained from the VSL code versus the nose
radius together with a correlated curve. The result clearly indi-
cates that the stagnation point heat flux can be expressed very

well as a function of the inverse square root of the nose radius.

o Computation
Curve-fit

I
12
T

2
T

q,=8.4/sqrt(R )}

Stagnation point heat flux, q,, (MW/m?)

—
n
T

1

1] 1] ]
10 15 20 25 30
Nose radius, R, (mim)

Fig. B1 Relation between the stagnation point heat flux and the
nose radius of hemisphere for the HIEST condition of
Hy=4 MW/m~
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Dividing the heat flux for the nose radius of 10 mm by 30 mm, we
can have a value of 1.752, which is only 1% different from V3
and much smaller than the experimental uncertainty. Hence it has
been confirmed that it is reasonable to compare the stagnation
heat flux data between the model and the permanent probe by

rescaling the data with the inverse square root of the nose radius.

Appendgix C
On the effect of thermocouple junction depth

The depth of the point at which the thermocouple junction is
made can have an impact on the accuracy of heat flux measure-
ments. Ideally, the junction should be made exactly on the top
surface of the sensor. However, since the junction is made by
hand using sandpaper, it could be made away from the surface. In
this case, we are obliged to record the temperature variation
inside the material, not on the surface. This can become an error
source of the heat flux reduction process and hence the effect of
the junction depth was numerically investigated herein with the
aid of one-dimensional heat conduction theory.

By assuming constant heating ¢, for a semi-infinite medium,
the temperature variation at a distance x from the surface and a

time ¢ can be expressed as [7]

—x? GoXx X
exp(m)* > [1 ferf(wm_ )] (B1)

where 7, is the initial temperature, o = k /pc the diffusivity of the

29y | ot
Iet=ay =

material, and erf() the error function. In the present analysis, the
temperature variation obtained from the above equation with g, =
1 MW/m? was numerically integrated to reduce the heat flux time
history by using Eq. (4) for the three x of 0, 10, and 100 um.
Shown in Figs. B1 (a) and (b) are the comparison of the temper-
ature/heat flux time history between the three distances. For x =
0 pm, the heat flux instantaneously reaches a constant value of
1 MW/m? as anticipated. On the other hand, for x = 100 um, as
much as 30% of difference from the surface value can be
observed at £ = 5 ms. This implies that a 30% measurement error
can occur if the thermocouple junction is made 100 um away
from the surface. Even fF0r x = 10 pm, the error can reach up to
3%.

Since the extent of temperature increase is proportional to g,
as confirmed from Eq. (B1), the degree of uncertainty discussed
above is not dependent on the level of heat flux; it is a function of
¢ and x only. If the measurement time becomes of the order of 1 s

such as in a blow-down type wind tunnel, this kind of error is

insignificant because the temperature variation becomes almost
identical between the top surface and the locations slightly away
from the surface. However, for shock tunnels, the time scale of
heat flux measurement is of the order of milliseconds and in this
case we cannot ignore the effect of the junction depth as con-
firmed in Fig. (B1). Needless to say, there is no way to check the
junction depth for actual wind tunnel tests, but we can at least
point out that the surface junction depth uncertainty can have an
enormous impact on the accuracy of heat flux measurement in a

short-duration facility.

—
n
T

I

<
T
\
\

\

L

w
T

N
N
1

Temperature variation (°C)
\

o x=0pm
L0 e T x=10um
Lo T x = 100pm
2
= 13
0 5 10
Time (msec)
(2)
T
&
e
B
g
P
=
=
RO5 4
L
e
L
1
0 5 10
Time (msec)
(®)

Fig. C1 Comparison of temperature/heat flux time variation
between three levels of distance from the sensor surface.
(a) Temperature
(b) Heat flux
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Appendix D

Summary of the force/heat test resuits

Following is a summary of the present force/heat test data

together with the tunnel conditions for each shot. Note that free-

stream conditions are not included in the table although they can

be obtained from the measured tunnel reservoir conditions

through the use of a one-dimensional nozzle flow code. In order
to serve the present data as a database for CFD validation, a novel
approach that can produce more reliable free-stream properties

should be developed and this is to be addressed in the near future.

Table D1 Summary of force test results
Shot No. Condition Py (MPa) Van(m/s)  HoMJ/kg) Py (kPa) Throat (mm) Cy

402 D 47.02 2729.0 8.10 119.7 50 0.558

403 D 4371 2760.1 8.11 116.0 50 0.559

404 C 42.16 2874.0 8.53 77.6 40 0.568

405 C 45.46 2853.3 8.58 77.1 40 0.593

406 A 17.64 1926.6 4.37 33.6 40 0.667

407 A 13.61 1905.1 4.06 30.1 40 0.632

408 A 14.76 1918.4 4.11 295 40 0.645

409 A 13.95 1924.6 4.14 29.3 40 0.635

410 E 30.17 31314 10.36 63.9 40 0.578

411 E 31.17 32303 10.87 68.0 40 0.516

412 E 31.02 3313.4 11.33 63.7 40 0.577

413 E 31.17 3257.8 11.06 68.4 40 0.544

Table D2 Summary of heat test results
Shot No. 376 377 378 379 380 381 382 383 384 385 386 387 388 389 390 391 392
Py (MPa) 1559 15,65 15.39 15,11, 1519 1548 1545 1505 1520 23.10 2272 2306 2278 23.17 2308 2281 15.03
Vin (m/s) 1943.9 1961.0 1947.0 19263 19589 19503 1967.9 1953.3 1949.5 27053 2623.6 2666.0 26952 2790.8 2798.9 2717.6 1983.1
Hy (MIkg) 433 438 4.30 4.28 4.34 4.30 4.39 4.35 427 7.70 7.51 7.68 7.79 8.17 8.23 7.80 443
Py kPa) 30.62 3093 29.66 2941  30.19 3023 30.68 29.83 30.62 46.90 4471 4565 4444 4600 4423 4485 29.63
Sensor No. Heat Flux (MW/m?)

1 0.637 0.675 0.742" 0918" 0685 0.742" 0689 0714 0.634 1.940 1570 1.540 1.480 1.610 1.830 1460 0.691°
2 1.238 1.332 1.360° 1.620° 1230 1369 1.220 1300 1.130 4.500° 2930 2910 2.690 2.800 2750 2.690 1.230
3 1.822 1.890 2.160" 2.170° 1.690 1.885 1.690 1.820 1610 5770 4370 4290 3.880 4200 4.010 3.840 1.790
4 1.679 1.888 2250° 2400° 1.800 4.6137 1.740 1.920 1.700 5.700° 4.540 4.510 4.140 4360 4200 4.040 1.940
5 1.609 1.724 1.990" 2.150" 1.640 1.877 1.650 1.790 1.560 5760 4.250 4.170 3.750 3940 3.770 3.610 1.750
6 1.141  1.202 1.340" 1.540" 1.160 1328 1.170 1250 1.100 4.370° 2.890 2860 2630 2730 2690 2610 1200
7 0.666 0.696 0.783 0909 0.661 0.827 0.681 0.726 0.637 1.960 1.600 1.690 1570 1.600 1.570 1.620 0.696
9 0.333 0361 0399 0.956° 0352 0444 0354 0362 0.338 0.870  0.793 0.847 0.794 0.884 0.840 0.779 0.370
11 0.099 0.101 0.097 0.100 0.100 0.093 0.098 0.095 0.091 0.214 0.224 0.223 0215 0216 0209 0.199 0.091
12 0.060 0.062 0060 0.061 0060 0059 0058 0058 0057 0135 0.139 0.138 0.147 0.142 0.140 0.141 0.064
13 0.037 0.036 0.037 0042 0040 0.039 0.037 0.034 0.035 0082 0.087 0.083 0.090 0.090 0.086 0.084 0.037
14 0.035 0.027 0030 0030 0030 0030 0.035 0033 0036 0071 0.072 0072 0.078 0.072 0.070 0.068 0.030
15 0.021 0.022 0020 0.024 0020 0025 0.019 0022 0022 0.057 0.054 0.055 0.066 0.060 0.058 0.055 0.026
16 0.027 0.028 0.028 0032 0.026 0.028 0027 0026 0036 0064 0059 0.061 0.062 0059 0.061 0.059 0022
17 0.026 0.020 0.024 0024 0.032 0.022 0022 0.021 0.019 0.057 0.049 0.053 0.056 0.057 0.056 0.057 0.023
18 0.051 0.027 0.025 0.026 0.029 0.026 0.028 0.028 0.023 0.069 0.061 0.060 0.066 0.063 0.059 0.058 0.021
19 0.039 0.037 0036 0051 0034 0039 0.036 0036 0035 0.088 0.085 0.086 0084 0.085 0.078 0.084 0.039
20 0.040 0.039 0053 0.044 0.041 0.049 0.048 0.035 0031 0.082 0.088 0.087 0.090 0.095 0.087 0.0890 0.036
21 0.042 0.039 0.041 0.054 0.037 0046 0043 0041 0042 0.104  0.093 0.091 0.092 0.09 0.091 0.090 0.039
22 0.041 0.036 0.045 0.044 0.044 0.043 0.048 0.051 0.038 0.089 0.091 0.098 0.100 0.096 0.097 0.096 0.043
23 0.046 0.048 0.066 0.065 0.050 0.054 0047 0047 0.044 0097 0.118 0.111 0.123 0.109 0.111 0.114 0.045
24 0.037 0.038 0.044 0044 0.034 0053 0039 0034 0.035 0.104  0.097 0.103 0.107 0.104 0.106 0.109 0.037
25 0.040 0.034 0.044 0036 0.026 0.044 0036 0035 0.031 0.084 0.084 0.092 0.094 0.088 0.085 0.089 0.034
26 0.037 0.039 0049 0.048 0035 0038 0.035 0036 0030 009 0.091 0.09 0.093 0.092 0.085 0.083 0.034
27 0.043 0.042 0.047 0051 0041 0046 0.043 0.038 0036 0094 0.091 0.097 0.100 0098 0.093 0.088 0.037
28 0.040 0.030 0.041 0.054 0.035 0.044 0.034 0.039 0.042 0.087 0.090 0.089 0.096 0.090 0.088 0.084 0.041
Probe 2829 3.002 3447 40077 3360 3.529 3.292 3399 3322 11.614° 9.186 8456 7.617 7761 8571 7.781 3475

Data of sensor 8 and

10 not obtained due to sensor trouble
* Data including large noise components
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