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1. Introduction

Conventional hypersonic wind tunnels usually produce test

Abstract An aerodynamic force and moment measurement was conducted in JF12 long-test-
duration detonation-driven shock tunnel of Institute of Mechanics, Chinese Academy of Sciences.
The test duration of JF12 is 100130 ms. The nominal Mach number is 7.0 and the exit diameter of
the contoured nozzle is 2.5 m. The total enthalpy is 2.5 MJ/kg which duplicates the hypersonic flight
conditions of Mach number 7.0 at 35 km altitude. The test model is the standard aerodynamic force
model of 10° half-angle sharp cone. The length of the test model is 1500 mm and the weight is 57 kg.
The aerodynamic forces were measured with a six-component strain balance. The angles of attack
were set to be —5°, 0°, 5°, 10° and 14°, respectively. The experimental results show that in the 100—
130 ms test duration, the signals of strain balance have 3—4 complete vibration cycles. So, the aero-
dynamic forces and moments can be obtained directly by averaging the signals of balance without
acceleration compensation. The force measurement error of repeatability of JF12 is less than 2%.
The aerodynamic force coefficients of JF12 are in good agreement with those of conventional
hypersonic wind tunnels. For this test model at Mach number 7.0 and total enthalpy of 2.5 MJ/
kg, the real-gas effects on aerodynamic force characteristics are not very evident.
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fore, the thermochemical reaction, one of the key mechanisms
in hypersonic flows, is ignored in its experiments. As a result,
the real-gas effects on the aerodynamic force and moment

flows with low total temperature and low sound speed; there- ~ Measurement become a very difficult problem in the hyper-
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sonic ground tests and were identified as an unknown ‘“‘un-
known”." During the first entry flight of the Space Shuttle
Orbiter at Mach number Ma = 24 and 70 km altitude, the
vehicle exhibited an extra nose-up pitching moment increment

&

relative to the preflight prediction. Woods et al.” noted that
preflight prediction based on the perfect aerodynamics in the
Aerodynamic Design Data Book indicated that a 7.5° deflec-
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Shuttle Orbiter. However, in reality, the body flap had to
deflect to a large value of about § =~ 16° to maintain trim at
the attack angle of o = 40°. The deflection angle of 16° was
close to the possible deflection limitation and more deflection
would lead to a big flight test accident. Comparison of
equilibrium-air computations with perfect gas model indicated
that at least the main mechanism of the so-called hypersonic
anomaly was due to real-gas effects at very high Mach
numbers.’

At an enthalpy of about 3 MJ/kg or higher, air molecules
become vibrationally excited, dissociated, and ionized behind
a shock wave. These real-gas phenomena absorb heat. As a
result, the effective specific heat ratio decreases and compress-
ibility increases. These phenomena cause changes in pressure
distribution, and thereby aerodynamic characteristics of the
hypersonic vehicle. To design an efficient hypersonic vehicle,
the influence of real gas effects on force and moment must
be known accurately. To experimentally verify the accuracy
of those design parameters, wind tunnel tests are needed. To
produce flows with desired temperature, Mach number and
Reynolds number in the test section, such tunnels must be
operated at very high enthalpies and reservoir pressures.*>

In order to improve the accuracy of the ground experimen-
tal data, various advanced hypersonic test facilities were devel-
oped.®® One of the main concerns was related to the
aerodynamic force and moment during hypersonic vehicle
reentry. Unfortunately, there is no single ground-based facility
capable of duplicating the hypersonic flight environment, and
so far different facilities are used to address various aspects of
the design problems associated with hypersonic flight.”
Considering the thermochemistry in hypersonic flows,
high-enthalpy shock tunnels are capable of generating high-
temperature flows, but its effective test duration is too short
to do force and moment measurement. Moreover, for hyper-
sonic experiments, there is not any reliable scaling criterion
available between the low speed wind tunnel tests and the real
flights. 10,11

Under the support of National Major Project of Scientific
Instrumentation Research and Development, a super-large
detonation-driven shock tunnel was developed based on
backward-running detonation driver in Institute of Mechanics,
Chinese Academy of Sciences in 2012.'> It was named as JF12
long-test-duration shock tunnel, where “J” means shock wave
and “F” means wind tunnel in Chinese, and 12 is its series
number. It has the capability of reproducing pure airflows with
Mach numbers from 5 to 9 at altitude of 25-50 km. More
importantly, it has a test duration of more than 100 ms which
makes it the first shock tunnel in the world to conduct aerody-
namic force and moment measurement by using traditional
strain gage balances. The second large shock tunnel in the
world is the LENSII shock tunnel, which has a test time of
about 30 ms."”

The force and moment measurement of hypersonic vehicles
is one of the main long-term research projects of JF12 shock
tunnel in order to study the aerodynamic characteristics under
real-gas conditions. In this paper, as the first step of this pro-
ject, we conducted the force and moment measurement of 10°
half-angle sharp cone standard model at Mach number 7.0
under the duplicated hypersonic flight conditions of about
35 km altitude with the total enthalpy of 2.5 MJ/kg. The aim
of this paper is to examine whether JF12 can be used to con-
duct force measurement and obtain high-accuracy data. The

primary experimental results are given and compared with
conventional hypersonic wind tunnel results. This research will
be continued further in JF12 shock tunnel under high enthalpy
conditions.

2. Experimental setup and test model

The diagram of JF12 long-test-duration shock tunnel is shown
in Fig. 1. The total length of the facility is 265 m. It consists of
5 main parts. From right to left, they are E-shape vacuum tank
and test section, nozzle, driven section, detonation driver sec-
tion and damping section. The vacuum tank has a volume of
about 600 m® with a length of 40 m. The diameter of the test
section is ¥3.5m. The contoured nozzle is 15 m long with
an exit diameter of (#2.5 m. The nominal Mach numbers are
5-7 with exchangeable throats. The driven section is 89 m in
length and 720 mm in inner diameter. The detonation driver
18 99 m in length and 400 mm in inner diameter. The driver is
operated in the backward-running detonation mode, that is,
the detonation is ignited at its right end and propagated to
the left. The detonation driver and the driven section are con-
nected with a transition section by which the tube diameter is
gradually reduced from 720 mm to 400 mm. There is a
diaphragm rig between the detonation driver and the transi-
tion section, which is used to produce the proper incident
shock wave in the shock tunnel after the direct detonation ini-
tiation. The damping section is located at the left end of the
facility, which is 19 m in length and 400 mm in inner diam-
eter. The role of this part is to avoid the damage of the deto-
nation front to the facility. Fig. 2 is the photo of JF12 shock
tunnel.

The test model is a 10° half-angle sharp cone and it is a
standard aerodynamic force model. There are many experi-
mental results obtained in conventional hypersonic wind tun-
nels to be compared with. The length of the model is 1.5m
with a base diameter of 528 mm. It is made of aluminum
alloy and weighs 57 kg. Fig. 3 is the photo of test model
installed in JF12 shock tunnel. Pressure transducers were also
installed on the bottom surface to measure the base pressure of
the model during the experiments. The bottom of the test
model is shown in Fig. 4.

A six-component stress balance specially designed for JF12
shock tunnel was used to measure the acrodynamic force and
moment. Fig. 5 shows the photo of this balance. The maxi-
mum diameter of this balance is F100 mm. In the JF12 shock
tunnel experiments, the mechanical vibration of the test model,
the balance and the sting will not be damped within the test
time of 100 ms. Therefore, the balance output signals contain
inertial force. In order to reconstruct the force and moment
from the balance output signals and obtain high-quality data,
we must make sure that we can get at least 3—4 complete vibra-
tion periods in the 100 ms test time. Therefore, the balance was
designed with high stiffness. In addition, the strength of the
sting and model supporting system was also strengthened.

Before the wind tunnel experiments, the vibration fre-
quency of model supporting system of JF12 shock tunnel
was measured by dynamic calibration with fracture-stick tech-
nique. The model supporting system includes the model, the
balance, the sting and the supporting equipment. The sting
was made of alloy steel with a diameter of 100 mm. The
vibration frequency in the normal direction was recorded by
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Fig. 2 Photo of JF12 long-test-duration shock tunnel.

Fig. 3  10° half-angle cone model installed in JF12 shock tunnel.

Fig. 4 Pressure transducers installed on bottom surface of test
model.

accelerometers and the results are shown in Fig. 6. From
Fig. 6, we can see that the first order modal frequency is
40 Hz, which means that we can get at least four complete
vibration periods in the normal force direction within 100 ms
test time. In the axial force direction, the first order modal fre-
quency is more than 100 Hz. So, at least ten complete vibration
periods can be obtained in 100 ms test time.

In this study, the nominal Mach number is Ma = 7.0. The
total enthalpy is 2.5 MJ/kg and the total pressure is 3.0 MPa,

Test section
E-shaped vacuum tank

Schematic of JF12 long-test-duration detonation-driven shock tunnel.

Fig. 5 Six-component stress balance designed for JF12 shock
tunnel.
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Fig. 6  Vibration frequency of JF12 model supporting system.

which duplicates the flight conditions at about 35 km altitude.
The test conditions were monitored by Pitot probes in each
run. The free stream is assumed to be in equilibrium and the
parameters were calculated by considering real-gas effects in
the stagnation chamber. The angles of attack o were set to
be —5°, 0°, 5°, 10° and 14°, respectively. The angle of sideslip
was zero. The runs at 5° angle of attack were repeated six times
and the runs at other angles of attack were repeated three times
in order to study the repeatability precision of force and
moment measurement in JF12 shock tunnel.

3. Results and discussion

The typical output signals of the balance are shown in Fig. 7,
including the axial force, normal force and pitching moment. It
can be seen clearly that the balance signals can be divided into
two parts. At the first 30 ms, the signals are irregular, which
means that the model undertakes irregular mechanical vibra-
tion. This is caused by the unsteady establishment process of
the flow field. The time duration of this flow field establish-
ment process depends on many parameters, such as the shape
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Fig. 7 Balance output signals of JF12 shock tunnel.

and size of the model, the angle of attack and the Mach num-
ber. This unsteady starting process can also be confirmed by
the base pressure signals of the model, which are shown in
Fig. 8 here. Therefore, the results in this starting process can-
not be used to calculate the aerodynamic force and moment.

After the unsteady starting process, the output signals of
the balance become regular and there are at least three com-
plete periodical cycles within the 100 ms test duration. The
forces measured by the balance contain aerodynamic force
and inertia force. The inertia force can be easily removed by
averaging the balance signals. Therefore, we do not need to
use acceleration compensation method to reconstruct the aero-
dynamic forces and moments.'*'> It means that the highly
accurate data could be obtained with this stress balance by
applying simple data processing techniques. As to the axial
force, its high-frequency oscillations make sure that there are
more than 10 periodical cycles to achieve highly accurate data.
The periodicity of the balance signal data from the JF12 shock
tunnel indicates that its accuracy could be as high as that of
conventional hypersonic wind tunnels. However, the data
accuracy will be ruined if the wind tunnel test time is shorter
than 30 ms for this test model or the frequency of the natural
vibration mode of the force measurement system of JF12
shock tunnel is lower than 10 Hz.

The normal force coefficients C,, and axial force coefficients
C, at different attack angles are plotted in Figs. 9 and 10. The
average results of FD-07, FD-03 and Langley 11-in. conven-
tional low-enthalpy hypersonic wind tunnels are also shown
in these figures for comparison.'® All the JF12 experimental
results are plotted in these figures, while only the average
results of other wind tunnels are given. The coefficients of pres-
sure center X, are plotted in Fig. 11. First of all, we can find
that the force measurement data of JF12 shock tunnel has high
repeatability precision. The repeatability error of normal force
coefficient is less than £+ 0.6%. The repeatability error of axial
force coefficient is less than + 1.5%. There are two key tech-
niques to guarantee that high-quality experimental data can
be obtained. The first key technique is the detonation-driven
technique. Detonation-driven shock tunnel can produce
high-quality flow field because it is independent of the rupture
pressure of the metal diaphragm, while in other shock tunnels,
the rupture process of diaphragm influences the flow field very
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Fig. 8 Base pressure signals of JF12 shock tunnel.
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Fig. 9 Normal force coefficients at different angles of attack.
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Fig. 11 Coefficients of pressure center at different angles of
attack.

much. The second key technique is the long test duration. In
the 100 ms long test duration, the data in the unsteady starting
process can be easily discarded. The model has 3-5 complete
vibration periods and the inertia force can be easily removed
by averaging the balance signals.
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From Figs. 9 and 11, we can see that normal force coeffi-
cients C, of JF12 at different angles of attack agree very well
with the results of other conventional hypersonic wind tunnels
with a discrepancy of less than 1%. The coefficient of pressure
center X, is also in accordance with the theoretical result of
X, = 0.6874. The axial force can be divided into two parts:
one is the pressure force and the other is the friction force.
In Fig. 10, the axial force coefficients calculated by Euler equa-
tions are also shown. The difference between the experimental
results and Euler results is the friction force coefficients. For
the laminar boundary layer, the friction force coefficient is
inversely proportional to the square root of the Reynolds num-
ber Rep based on the length of the model.

The axial force coefficients of FD-03 and Langley are
almost the same. The axial force coefficient of JF12 is about
10% higher than that of FD-03 because the Rey. of FD-03 is
about two times that of JF12. The Re; of JF12 is about
1.5 x 10° and the Re; of FD-03 is about 3 x 10°. The friction
force is about 10% of the total axial force for FD-03 and about
20% of the total axial force for JF12. For FD-07, its Rey is
about 5 x 10° and boundary layer transition occurs at the
aft part of the model.'® Therefore, its axial force coefficients
become larger than those of FD-03 and similar to those of
JF12 at lower angles of attack.

4. Conclusions

Aerodynamic force and moment measurements of a 10° half-
angle sharp cone model were carried out in JF12 shock tunnel
at Mach number 7.0 under the duplicated hypersonic flight
conditions of about 35 km altitude. The results show that
high-accuracy force measurement data can be obtained in
JF12 shock tunnel. The maximum repeatability error is less
than 2%. The experimental results are in good agreement with
those of conventional hypersonic wind tunnels. The discrep-
ancy of normal force coefficients between JF12 and conven-
tional hypersonic wind tunnels is less than 1%. The
discrepancy of axial force coefficients between JF12 and con-
ventional tunnels is caused by the different Reynolds numbers
based on the length of model. For the simple configuration of
10° half-angle sharp cone under total enthalpy of 2.5 MJ/kg,
the real-gas effects on the aerodynamic characteristics are
not very evident.
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