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Abstract

Shock tunnels are important ground test facilities that can generate high-enthalpy flow. Flight velocity at a high Mach number
can be simulated for aerodynamic testing of chemically reacting flows. However, the application of these tunnels is limited
due to the only milliseconds-long test duration, especially for aerodynamic force measurement using traditional strain gauge
balances. This study presents an impulse force-measurement system, which was used for a large-scale test model to measure
its drag in a high-enthalpy shock tunnel with an approximately 3—7-ms test time. Force tests were conducted for a cone in
the JF-10 high-enthalpy shock tunnel in the Institute of Mechanics, Chinese Academy of Sciences. An integrated design of
the impulse force-measurement system was proposed for load measurement over a short duration, for which a recommended
design criterion is that the measurement period be a minimum of twice the period corresponding to the lowest natural frequency
of the measurement system. The current measurement technique breaks the limitations of the application of the conventional
strain gauge balance. As an integrated measuring system, the impulse force-measurement system expands the structural
design concept of strain gauge balances. The impulse force-measurement system performed well in the present tests. The test
results show differences from the numerical simulations and some data obtained in a conventional wind tunnel. A preliminary

analysis was performed on the real gas effects on the acrodynamic force.

Keywords Shock tunnel - High enthalpy - Aerodynamic force measurement - Strain gauge balance

1 Introduction

In hypersonic aircraft design, the ground test is very impor-
tant in providing aerodynamic data support. As an impulse
facility, a shock tunnel can create very high-speed flow at very
high temperature and pressure. Compared with the conven-
tional hypersonic wind tunnel, the high-enthalpy hypersonic
flow simulated in a shock tunnel is closer to real flight
conditions. However, in force tests in the shock tunnel,
because of the instantaneous flowfield and the short test time
[1-4] (generally 500 j.s—20 ms), mechanical vibration of the
model-balance—support occurs and cannot be damped over
the short duration. The inertial forces lead to low-frequency
vibrations of the model, and its motion cannot be addressed
by digital filtering. This implies restrictions on the model’s
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size and mass because its natural frequencies are inversely
proportional to its length scale. Regarding the measurement
system, the lowest frequency of 1 kHz is required for the test
time of typically 5 ms to obtain better measurement data [2].
The higher the natural frequencies, the better the justifica-
tion for the neglected acceleration compensation. However,
these conditions are very harsh for designing a high-stiffness
structure of the model-balance—sting (MBS), particularly a
measuring element for the axial load.

Based on these issues, many balance researchers proposed
several special balances to measure aerodynamic forces,
especially the axial force, in the impulse facilities with high
enthalpy, that is, accelerometer balance [5-7], stress wave
force balance [8—10], the free-flight measurement technique
[11-16], and compensated balance [17]. However, owing to
the very short test time, the mature technology was undevel-
oped for the force measurement in the shock tunnel with a
short test duration. Based on the strain gauge sensor’s higher
accuracy and sensitivity, Wang et al. [18,19] designed a high-
stiffness pulse-type balance using the strain gauge sensor and
successfully carried out a series of force tests in a large-scale
shock tunnel, which had a long test duration of more than
100 ms [20].
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In this study, the impulse force-measurement system
(iFMS) is built to obtain high-frequency balance signals.
The structural characteristics of the iFMS and its integrated
design were proposed to obtain a more optimized system for
transient load measurement. An impulse strain gauge balance
(iISGB), which is a part of iFMS and with a high-stiffness
structure at the axial force element, was designed and used
as a drag transducer in the short-duration impulse facility
JF-10 [21,22]. Force tests were conducted for a large-scale
cone with a 10° semivertex angle and a length of 375 mm in
the JF-10 shock tunnel. The finite element method (FEM) was
used for the analysis of the vibrational characteristics of the
MBS structure, particularly for the axial element structure.
The iFMS used in the test shows good performance, wherein
the frequency of the MBS structure increases because of its
stiff construction. The test results were analyzed to determine
the effect of high-temperature gas through a comparison with
the data obtained in nearly ten wind tunnels.

2 JF-10 high-enthalpy hypersonic shock
tunnel

A shock tunnel is a type of impulsive ground facility, which
uses a moving shock to generate high-temperature and pres-
sure test gases. The stronger the moving shock is, the higher
the test-gas enthalpy. Therefore, the benefits of a shock tun-
nel are that flight velocities up to Mach number 25 can be
simulated [23]. To develop hypersonic vehicles, developing
hypervelocity test facilities for ground experimental research
is important. After more than 60 years of development, high-
enthalpy facilities suitable for studying aerothermochemistry
are still based on shock tunnels. For several decades, three
types of high-enthalpy tunnels have been developed through-
out the world. The first type is the heated-light-gas driven
shock tunnel [24,25], the second type is the free-piston-
driven high-enthalpy shock tunnel [26-28], and the third type
is the detonation-driven high-enthalpy shock tunnel [29,30].
These hypersonic test facilities have been developed through-
out the world, and such research facilities have provided
valuable experimental data for years. The JF-10 shock tun-
nel at the Institute of Mechanics is the first high-enthalpy
shock tunnel with a hydrogen and oxygen detonation-driven
mode [21,31]. The JF-10 shock tunnel consists of three main
parts. The first part is a driver with a length of approximately
6.225 m and a diameter of approximately 150 mm. The sec-
ond partis a driven section of 12.5 m in length and 100 mm in
diameter, and the last part is a conical nozzle with a 500-mm-
diameter exit. This facility can simulate some complicated
physical and chemical phenomena in hypersonic flight at
high altitudes and features a high-enthalpy test flow, a total
enthalpy range of 15-25MIJ/kg, a total temperature range of
7500-9500K, a total pressure range of 10-80MPa, and an
effective test time range of 3—7 ms.
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Fig. 1 Pitot pressure measurements at the cross section of the nozzle
exit in the JF-10 nozzle flow (Pt and Py are Pitot pressure and total
pressure, respectively)

Figure 1 shows the Pitot pressure history and its distri-
butions at the cross section of the nozzle exit obtained by
calibration tests of the flowfield. Given the Pitot pressure
results, the stagnation temperature of 7561 K is used in the
present tests and in simulations performed with the computa-
tional fluid dynamics (CFD) technique. Hypersonic flows in
the nozzle central area appear quite uniform if evaluated from
the viewpoint of a Pitot pressure distribution. This uniform
flow area is found to be approximately 700 mm in length and
400 mm in diameter [31].

3 Integrated design of the iFMS and
experimental description

To obtain the multi-cycle signal, the stiffness of the mea-
surement system should be increased. The MBS structure
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needs to be optimized using the FEM technique. There-
fore, we built an iIFMS that includes the test model with
a high-stiffness and pulse-type balance (i.e., iISGB) with a
high-strength sting. The traditional wind tunnel balance is
used as a part of the measuring system (i.e., MBS). How-
ever, the current force balance, namely the iFMS, belongs
to the concept of a complex measuring system as a whole.
Figure 2 shows the structural difference between the tradi-
tional force-measurement system and the present iFMS. The
iFMS using the same color (red color) is a whole structure
with integrated design. The traditional force-measurement
system is a separate assembly structure, where the model,
balance, and sting are designed separately. The traditional
force-measurement system is marked with different colors
for the different parts in Fig. 2.

In the iFMS design, determining the structures of the
test model and sting is relatively easy. The iSGB design
is the most complicated, particularly for the measuring
element of the axial force. In comparison with the piezo-
electric sensor, the strain gauge has a sufficient frequency
response and higher accuracy and sensitivity. We attempted
to use a strain gauge transducer to measure the aerody-
namic loads in the impulse ground facility for a test time
of only a few milliseconds. In our present study, the foil
strain gauge, which has enough high frequency response
for the case of high-frequency characteristics, is used in the
high-stiffness balance. Our previous experimental and com-
putational results in the long-test-duration shock tunnel JF-12
(with more than a 100-ms test duration) [18,19] show that the
iSGB, with the optimized structures, can be used to obtain
satisfactory results in the shock tunnel. Therefore, an iSGB,
which is used in JF-12, was developed and redesigned for

iSGB

Test model (Cone)

Sting

Strain gauge (4 pieces)
for Axial Force

Strain gauge (4 pieces)
for Normal Force

Strain gauge (8 pieces)
for Pitching Moment

Strain gauge (2 pieces)

Strain gauge (4 pieces) for Rolling Moment
for Side Force

Model support end
Strain gauge (8 pieces)
for Yawing Moment

Fig.3 Diagrams of the iFMS and iSGB used in drag tests

the drag measurements in a short-duration shock tunnel. The
iSGB was optimized from the aspect of the measuring ele-
ment of the axial load, and its performance is excellent given
a I1-shaped beam with high sensitivity. (See the axial force
element in Fig. 3.) From the FEM simulations, iSGB has a
very high frequency at the axial element (more than a 2000 Hz
modal frequency) because of the hundreds of support pieces
in the main balance body.

Figure 3 shows the details of the iFMS and its measuring
element, that is an iSGB. The iSGB is a three-component
(i-e., normal force, axial force, and pitching moment) sting
balance with a diameter of 53 mm. Only one rectangular
beam is used to measure the two components, except for the
axial force. This structure is the simplest, can increase the
balance stiffness, and can simplify the vibration mode.

In the shock tunnel, the structural vibration of the measur-
ing system is caused by starting up the nozzle flow. This
process is very complex and usually takes almost 1 ms.
However, in the following 3-7ms, the flow will become
pseudo-steady. Therefore, the next difficult task is to design
the high-stiffness sting to support the balance and test model.
In the design of the iFMS, we proposed a design criterion:

fl_t_*’ ()

where f; and r* are the modal frequency of iFMS in the
i-th component (e.g., axial load) and the test duration of the
impulse facility, respectively. Therefore, in the case of JF-10
with an effective test time of 4 ms, the vibrational frequency
of iFMS in the axial component should be more than 500 Hz
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so that we can find at least two cycles in the balance output
signal.

To carry out the force test in the impulse facility, the weight
of the test model is a very important factor in determin-
ing whether good results can be obtained. The present cone
model with the 10° semivertex angle is made of aluminum
alloy. Its full length is 375 mm, and it has a maximum wall
thickness of 1 mm. Therefore, its total mass is only 550 g.
A lighter model will significantly increase the vibration fre-
quency of the force-measurement system.

The starting characteristics of the shock tunnel are an
important part of the integrated design in this study. Before
the design of the iFMS, the starting process of the nozzle
flow in the shock tunnel was also analyzed using CFD sim-
ulations because of the large impact loads acting on the test
model. Therefore, the capacity of the axial force is 500 N
given the impact characteristics of the starting process in the
JF-10 shock tunnel.

Prior to the shock tunnel run, the three-dimensional design
of the iIFMS is modeled. A series of computations, including
the static structure, dynamics, and modal analysis, is con-
ducted using finite element analysis. The numerical results
can be used to estimate the experimental results, such as
the iFMS vibrational frequency and cycle number, within
the short test time. Because of the optimized iFMS, the fre-
quency f; in the present study reaches more than 1050 Hz
in the axial direction. Therefore, at least four cycles should
be found in the balance signal within the short test time of
t* = 4ms.

4 Numerical rebuilding of freestream
measurement

Some freestream parameters are very difficult to measure
directly, such as Mach number, density, static temperature,
and so on. In conventional low-enthalpy hypersonic wind
tunnels, the above parameters are also calculated through
the isentropic relationship. However, in the high-enthalpy
wind tunnel, these freestream parameters cannot be simply
obtained through an isentropic relationship because of the
large errors in the case with real gas effects. Therefore, in
this study, we performed the more accurate chemical non-
equilibrium CFD simulations in the flowfield of the overall
nozzle and the test section, that is the numerical rebuilding
of freestream measurements.

For high-enthalpy facilities and similar ones, Grabau et
al. [32] suggested an alternative rebuilding method, involv-
ing the additional measurement of the stagnation point heat
flux on a spherical geometry located in the test section. This
method of numerical prediction has been applied to the VKI
Longshot gun tunnel [33]. For nitrogen operation, real gas
equations of state [34,35] have been used in order to accu-
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Fig.4 Mach number distributions obtained by CFD simulation

rately describe the enthalpy and entropy of the dense gas
prior to the nozzle expansion.

The effect of the non-equilibrium flow was considered
in the calculation [36-39]. Two-dimensional axisymmet-
ric compressible conservation equations were employed to
calculate the chemical non-equilibrium flows. The Spalart—
Allmaras [40] turbulence model was employed to evalu-
ate the effects of the turbulent boundary layer. For the
simulations of chemical non-equilibrium effects in high-
temperature air, seven species (N2, Oz, N, O, NO, NO™*,
ande™) are employed in the thermochemical non-equilibrium
model. The stagnation conditions, such as the stagnation
pressure and temperature, were the same as those in the
present tests in the JF-10 shock tunnel.

Figure 4 shows the Mach number distributions by the
numerical rebuilding method, which includes a cone with
an angle of attack 0°.

In the numerical prediction, the rear base pressure of the
cone is compared between the perfect gas and real gas. The
case of real gas is a little higher than the perfect gas case
(see Fig. 5). Compared with the pressure distribution on the
cone surface (along x-direction), the cone base pressure is
reduced by about one order of magnitude. Therefore, the
base pressure of the cone has a little influence on the overall
drag result.

5 Drag measurement and data analysis

Because the cone model has a large volume of test data and
theoretical analysis results, it is often used as a standard
model for the flowfield calibration of new or modified wind
tunnels. In the drag tests, the average stagnation pressure
is 13.6 MPa, the average stagnation temperature is 7600 K,
and the corresponding total enthalpy is 16.7 MJ/kg. These
conditions result in an average freestream Mach number of
11. The drag measurements for the cone were conducted at
an angle of attack nearly of 0°, with an approximately 0°
sideslip angle. By the evaluation, the uncertainty of angle of
attack is approximately 4 0.01°, while the case of sideslip
angle is less than &£ 0.05°, which can be controlled through
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Fig.5 Pressure distributions between the cases of perfect gas and real
gas (here, Pjpr and R are the uniform flow pressure and the cone’s
bottom radius, respectively)

a mechanical assembly. In the current tests, the actual mea-
sured value of the angle of attack is maximum 0.011° and
the sideslip angle is not greater than 0.05°.

Figure 6 shows a photograph of the 375-mm cone model
mounted in the test section.

Before the drag tests in the JF-10 high-enthalpy shock
tunnel, we carried out a hammer test to check the modal
frequency. A force hammer with a piezoelectric sensor was
employed, and the test focused on the axial structure (i.e.,
along the drag direction). In the test, the acceleration sensor

Window
in Test Section

Nozzle
with diameter

of 500 mm

Fig.6 Photograph of the iFMS in JF-10’s test section
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Fig.7 Voltage signal of the iSGB and its processing by WSF method

was arranged in the axial direction. The vibrational frequency
from the results of the hammer test is 1095 Hz, which is
consistent with the frequency of the previous analysis using
the FEM simulation.

In our study, a method for the test data processing, namely
wave system fitting (WSF) [41], is used and two to three
cycles in the balance output signal are enough for the data
processing.

Based on this method of data processing, the effect of
inertial vibration with the low frequency can be decreased.
Also, the integer number of cycles can be found during the
test time so that the averaged processing of balance signals
is reasonable and reduces the processing error.

Figure 7 shows the balance voltage signal from a force
test in the shock tunnel. As the figure indicates, four com-
plete cycles exist within the effective test time of 4 ms. The
frequencies of the balance signal were found from the test
findings using fast Fourier transformation analysis, and the
averaged value is 1108 Hz. Obviously, this result is consis-
tent with the results of the FEM analysis (1050 Hz) and the
hammer test (1095 Hz).

Furthermore, good repeatability is observed during the
shock tunnel testing, in which the standard deviation ocy
of the drag coefficient is 0.0042, which is less than 4.0%.
Here, the following equation is used to calculate the standard
deviation ocp:
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where Cp is the averaged value of drag coefficients of  tests;
in the present study, n = 8. Therefore, the iFMS also shows
good performance in terms of test precision.

The Cp is calculated by the following equation:

=2 3)
D—qs

where D is the drag (axial force) and ¢ and S represent the
dynamic pressure and the reference area of the model, respec-
tively.

Figure 8 shows the present drag result compared with
some data from the conventional hypersonic wind tunnels
[42-44], impulse facilities [18,19], theoretical analyses, and
CFD simulation. In the theoretical estimates, Cheng’s cone
theory [45,46] is employed to predict changes due to varia-
tions in the ratio of specific heats y. The present analyses
show little effect on the ratio of specific heats y, where
the drag in the case of y = 1.34 appears to be a little
different than that in the y = 1.4 case. Both curves are prac-
tically the same and can hardly be distinguished from one
another. In the theoretical analysis, the effect of high temper-
ature on hypersonic flow will cause the change of y. Here,
y = 1.34 corresponds to the equilibrium flow state with the
total temperature of 7600K, while y = 1.4 is the specific
heat ratio of the perfect gas. The calculated result of the drag
is also shown in Fig. 8. The measured drag force was 9.5%
higher than the value from CFD and 31% higher than the
theoretical value.

The test results inherit some uncertainties due to the sys-
tematic and random errors in determining the freestream
properties, performing the force measurement, calibrating
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the balance, etc. In this paper, a preliminary analysis of the
uncertainty of the test results was also performed. Each type
of error limit is combined with each type of error limit of the
measured variables and constants, principally because they
are independent parameters. In this study, the drag coefficient
is a function of the measured values of dynamic pressure and
balance axial force. In this study, a ball free-flight method is
employed to directly measure the dynamic pressure through
the image processing technique, in which the ball’s move-
ments (i.e., free-flight) in the flowfield are recorded using
synchronized high-speed photography [47]. The dynamic
pressure g measured using this method can ensure the suc-
cessful avoidance of the introduction of parameter errors
in the hypersonic flowfield, such as errors confirmed by
measuring the total pressure, total temperature, Pitot pres-
sure, and wall pressure in the test section. In this study, the
dynamic pressure uncertainty (95% CI) is &£ 0.533 kPa, which
is approximately 5% of the averaged g. Therefore, the uncer-
tainty assessment of testing drag becomes simple and more
accurate.

The relative uncertainty in Cp, denoted Ucy,, 1S written as

Ucp, = £/ Pcy? + Bep? 4

where Pc,, and B¢y are the precision limit and bias limit
of Cp, respectively [48-50]. The present results were ana-
lyzed using the 90% confidence interval (CI). The confidence
interval is designated prior to examining the data. Most com-
monly, the 95% CI is used. Other CI also can be used,;
for example, 99% CI is used for evaluating precision in
the force tests in the high- and low-speed traditional wind
tunnels, because the test duration is long enough in the tra-
ditional wind tunnel and the force-measurement technique
is very mature in low-speed wind tunnels. However, for the
high-enthalpy impulse facilities, the test time is very short
(normally several milliseconds) in the shock tunnel due to
the impulse characteristics. The technique of force measure-
ment is also not mature in the impulse facilities. Therefore,
90% confidence range is employed in this study.

Through post-processing, a conservative assessment result
is Uc, < £0.0089, that is Uc, < £8.5% Cp (90% con-
fidence interval). It demonstrates the reliability of the drag
measurement in the JF-10 high-enthalpy hypersonic shock
tunnel.

6 Discussions on aerodynamic force with
high-temperature effects

6.1 General thought on drag

It is well known that, for the drag results, one part is
attributable to pressure distributions over the body surface
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and another part is attributable to skin friction, which is a
result of viscosity. Anderson [51] makes a conclusion that
the pressure distributions are always somewhat insensitive
to chemically reacting effects, while the chemical reactions
have the strongest effect on temperature. The kinetic energy
of ahigh-speed, hypersonic flow is dissipated by the influence
of friction within a boundary layer. The extreme viscous dis-
sipation that occurs within a hypersonic boundary layer can
create high temperatures, which can excite vibrational energy
internally within molecules and cause dissociation and even
ionization within the test gas if the temperature increases con-
tinuously [51]. Therefore, the viscosity is analyzed in detail
in the current paper as the main effective factor.

Compared to the blunt body (like a reentry vehicle), the
larger percentage of the cone’s drag is attributable to the
result of viscosity. Therefore, the viscous interaction is ana-
lyzed using a parameter M..>/</Rez, which can be used
for the evaluation of the viscous interaction on the aerody-
namic characteristics. If the value of Ms,3/+/Rey is low, the
actual pressure distribution is mainly governed by inviscid
flow effects. In contrast, a high value indicates that viscous
interactions should be important [52].

Figure 9 shows the difference of the cones’ drag due to the
viscous interaction. Some details of the freestream conditions
in the low- and high-enthalpy wind tunnels are shown in
Table 1.

Based on the above analysis, the present drag obtained
from JF-10 shows the importance of viscous interaction.
Compared with data by Langley 11-inch hypersonic wind
tunnel (the case of Mach number 10.9, which is almost same
with JF-10’s conditions), the present result by the JF-10
shows more strong effects of the viscous interaction. Kop-
penwallner [54] shows that the viscous interaction effects on
the skin friction and heat transfer coefficients are correlated
by a parameter M./+/Re . It means that both skin friction
and heat transfer are increased by viscous interaction. Ander-
son [51] shows that the pressure is strongly dependent on the

Table 1 Cones’ length and flow conditions in different wind tunnels

‘Wind tunnels L(m) My Re (L) To (K)

FD-03 hypersonic wind 0.141 494 3.31x106 350

tunnel [19,44]
6.07  2.66x10° 465
7.10  2.15x10° 596

FD-07 hypersonic wind 0.340 4.96 143x10% 375

tunnel [19,44]
5.95 12.3%10° 490
796  6.13x10° 756

JE-12 shock tunnel 075  7.07  0.60x10° 2200
[18,19]
JE-10 shock tunnel 0375 11.00 0.19x10° 7600
NASA Langley 11-inch ~ 0.216  6.80 0.81x10° 630
wind tunnel [42,43]
1090 1.31x100 -
18.00 1.51x10° -
JE-4B shock tunnel [53]  0.284  7.80  9.94x10° 895

990  3.41x10° -

mechanical aspects of the flow and essentially uninfluenced
by chemically reacting effects. It means that the pressure dis-
tributions are always somewhat insensitive to the chemically
reacting effects. CFD results shown in Fig. 5 also confirm
this point. In contrast, the ratio of the cone surface density to
freestream density is greatly affected by the chemical reac-
tions. The effect of chemical reactions increases the density
ratio compared to the y = 1.4 case, which implies that the
shock layer thickness will be smaller for the chemically react-
ing case. This makes it obvious that the velocity gradient
becomes larger due to the thinner boundary layer, which also
leads to an increased shear force.

Based on the total temperature conditions shown in
Table 1, the larger drag of cone in the JF-10 (see Figs. 8
and 9), with the hypersonic and high-enthalpy condition,
may be caused by the high-temperature effects, that is the
effects of chemical reactions, as the preliminary judgment in
the present study. By checking the CFD results, the static
temperature of uniform flow is 400K, and the tempera-
ture in the thin hypersonic boundary layer is approximately
7000K in JF-10. Therefore, as previously discussed, the
vibrational energy is excited and the oxygen is dissociated
within a chemically reactive boundary layer.

Figure 10 shows the high-temperature test gas over the
cone, and the bright light is generated on the cone’s sur-
face because of the high-enthalpy condition. Because oxygen
begins to dissociate above 2000K, it is virtually completely
dissociated above 4000 K [51]. Because of the high tempera-
ture in the hypersonic boundary layer, the viscosity increases
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Fig. 10 Test flow over the cone during a shock tunnel run

and the shear force (skin friction) on the model surface
becomes large, which results in a larger drag.

6.2 Drag measurements in JF-12

In this section, a large cone test at relatively low total tem-
perature condition and a blunt body model are analyzed to
compare the drag test of the cone under high-enthalpy con-
ditions in JF-10.

In Figs. 8 and 9, the data from the JF-12 were obtained
at Mach number 7 by using the iSGB and a larger cone;
the length is 750 mm. It is employed in the JF-12 long-test-
duration shock tunnel with a total temperature of 2200 K.
From the data comparison, the viscous interaction is rela-
tively small in the cone test of the JF-12. In addition, in order
to examine the accuracy of the present iFMS, a standard
model in the force test, HB-2 [55], was employed for mea-
suring the drag using the current iFMS in the JF-12 shock
tunnel, which has a blunt forebody. At the same time, the
drag data of HB-2 test also can be used to further analyze the
viscous interaction.

Figure 11 shows the HB-2 test model for the drag test
using the present iFMS in the JF-12 shock tunnel. HB-2 is
a standard hypersonic ballistic correlation model, which has
been examined to establish reference characteristics for use
in the correlation of experimental results among the vari-
ous aerodynamic facilities. This ballistic correlation model
was first voiced at the joint meeting of AGARD (The Advi-
sory Group for Aeronautical Research and Development) and
STAI (Supersonic Tunnel Association International) held in
France during September 1959 [55]. The current model used

@ Springer

Fig. 11 Standard force model HB-2

Table 2 Comparison of the drag data in the VKF (the von Karman gas
dynamics facility) 12 in. x 12 in. hypersonic tunnel E and the JF-12
hypersonic shock tunnel

Wind tunnels  d (m) M~  Re(d) To (K) Cp
VKEF [55] 0.0635 7.07 6.0 x 10’ 0.5320
JF-12 0.3 698 0.9x10° 3430 0.5398

in this study has a forebody diameter d of 0.3 m and a length
of 4.9 times the diameter d.

In the force test of the model HB-2, the standard deviation
of the drag coefficient is approximately 1.0%, and Uc, <
+5.0% Cp (95% confidence interval) due to the long test
duration of the JF-12 shock tunnel, which is greater than
100 milliseconds during a shock tunnel run. Therefore, the
accuracy of the current force-measurement system, iFMS,
has been further verified. Furthermore, compared with the
data by VKF (tunnel E), the viscous parameter M.>//Rer
is larger in the JF-12’s test due to a higher total temperature,
which is more than 3400 K (see Table 2). A higher-enthalpy
condition leads to a lower Reynolds number in the JF-12 so
that the viscous interaction becomes larger.

The hypersonic viscous interaction is analyzed in the
works of Anderson [51] and Hirschel [56]. Anderson [51]
shows that shear stress is a viscous flow phenomenon and
the skin friction drag can be obtained by calculating the
shear stress distribution over the surface of hypersonic aero-
dynamic shapes. In his work, a conclusion is that the viscous
interactions can have important effects on the surface pres-
sure distribution, and the skin friction and heat transfer
are increased by viscous interaction. The pressure distribu-
tions are always somewhat insensitive to chemically reacting
effects, as noted earlier, while the chemical reactions have the
strongest effect on temperature. Therefore, in the current pre-
liminary analysis, the reason for the higher drag is considered
to be an increase in skin friction drag. Hirschel’s work [56]
also shows that the turbulent skin friction is lowest for the per-
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fect gas, adiabatic wall case, and largest (approximately 45
percent larger) for the radiation cooling case, which means
that the high-temperature real gas effects can play a non-
negligible role regarding turbulent skin friction. During the
shock tunnel test, the test flow has not reached equilibrium
in the boundary layer and the temperature in there contin-
ues to increase because of the strong effect of the chemical
reactions. At the same time, the skin friction also increases
due to the high-temperature real gas effects. Obviously, this
phenomenon becomes inconspicuous in the results of con-
ventional hypersonic wind tunnel tests because of the very
low total temperature.

7 Summary

In this study, the designed iFMS can obtain multiple cycles of
the balance signal and can measure more accurate results to
enable a further understanding of the complex phenomenon
in a hypersonic flows with higher enthalpy. The test results
highlight the effects of the high-enthalpy flow on aerody-
namic drag. The results indicate that the high-temperature
effects should not be ignored when the total enthalpy (or the
total temperature) is high in the hypersonic (or hypervelocity)
flow.

An impulse force-measurement system was designed and
optimized via FEM analysis. The aerodynamic drag of
a large-scale cone was measured using this iFMS in the
high-enthalpy hypersonic shock tunnel JF-10 with an approx-
imately 4-ms test time. The strain gauge balances are broadly
used for force measurement in the conventional wind tunnel
as a mature technology; however, they seldom work in the
shock tunnel or other impulse facilities. The drag balance
is very difficult to design and use in a short-duration ground
facility given the low-frequency vibrations of the MBS by the
inertial force. In the present study, the high-stiffness iSGB
used in the test shows good performance, wherein the fre-
quency of the iFMS increases because of its stiff construction.
Force tests were conducted for a cone with a 10° semivertex
angle and a length of 375 mm. An FEM simulation and the
hammer test were employed for the analysis of the vibra-
tional characteristics of the iFMS to examine a sufficient
number of cycles (the axial vibration frequency) during a
short-duration test for the axial force signal. The design cri-
terion for the balance’s structure with a higher frequency is
proposed to ensure at least two cycles in the balance signal
during the effective test time. The structural performance of
the present iSGB is in full compliance with the requirements
of drag measurement during 4 ms. Therefore, the iIFMS with
an optimized structure breaks the limitations of the appli-
cations of the conventional strain gauge balance and can be
used for the large-scale model in the force tests in the short-
duration hypersonic shock tunnel.

The test results were analyzed to determine the effect of
high-temperature gas through a comparison with the data
obtained in nearly ten wind tunnels. The standard deviation of
the drag coefficient is small, which is less than 4.0%, and 90%
CI Ucp, < £8.5% Cp. In addition, in a long-test-duration
shock tunnel JF-12, the drag of the standard model HB-2 was
measured for further verification of the iFMS’s performance.
In the force tests of the model HB-2, the standard deviation
of the drag coefficient is approximately 1.0%, and 95% CI
Ucp < £5.0% Cp.

The present drag obtained by the JF-10 force test shows
more strong effects of the viscous interaction. The prelimi-
nary analysis of this study is that, due to the real gas effects,
the increase in skin friction drag may be one of the main
reasons for the larger overall drag of the cone model. The
detailed mechanism on the aerodynamic drag with real gas
effects needs to be studied in more depth.
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