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Abstract

Hypersonic air-breathing propulsion is one of the key techniques for future aviation and the ground aerodynamic testing
for full scale test models with sufficient test time at flight conditions is of fundamental importance for verifying hypersonic
air-breathing engines. Based on the backward detonation-driven concept, the hypersonic flight-duplicated shock tunnel (or
JF-12 shock tunnel) has been successfully constructed and calibrated. This facility is capable of reproducing airflow for
Mach numbers ranging from 5 to 9 at an altitude of 25-50 km, with a test duration of more than 100 ms. To quantify the
performance of the shock tunnel, experiments were conducted to investigate the aerodynamic characteristics of the test flows
and the effects of several critical techniques that play important roles in the operation of the shock tunnel. The stagnation
pressure was constant within 5% and the average stagnation pressure varied by less than 0.048% /ms. The variation of the
stagnation pressure in repeated experiments is less than 2.0%, indicating the good repeatability of the wind tunnel. The non-
uniformity of the Mach number in the core flow field at the nozzle exit was within +2.5%. Additional, a uniform flow field is
established upstream of the nozzle exit. The axial gradients of the flow field are small since the Mach number varies less than
1.7% /m. Findings regarding the ignition technology, diaphragm ruptures, detonation driver capacity, incident shock-wave
decay, and tunnel operation mode are also presented. The findings of this study are not only helpful for operating the shock
tunnel, but can also assist the future development of hypersonic wind tunnels.
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1 Introduction predicting their flight performance. However, in the avail-

able facilities throughout the world, the testing capability is

Hypersonic air-breathing propulsion can potentially reduce
the cost of space access by using air from the Earth’s atmo-
sphere as an oxidizer. This allows for larger payload mass
fractions, and increased flight maneuverability, and ensures
routine access to space [1,2]. Although significant advances
have been made over more than 60 years of research, major
scientific and technological challenges prevent the develop-
ment of practical hypersonic engines [3].

Ground propulsion testing is essential for understanding
combustion flow physics, verifying engine techniques, and
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limited owing to scaled model testing, short test duration,
and test flow contamination. Experiments are mostly being
conducted on individual components, such as the inlet, fuel
injection, and combustors. One of the most popular scal-
ing laws for scramjet tests is pressure-length (PL)-scaling,
which requires matching the product of a reference pres-
sure and a flow field reference dimension. A smaller model
scale requires faster reactions to ensure the validity of the
simulation. If the flow temperature is correctly simulated,
the combustion reaction rates mainly depend on the flow
density. The binary reaction rates, such as dissociation, are
linearly coupled with the flow density. However, for three-
body reactions, such as recombination, the rates are quadratic
in density. Thus, all combustion reactions can never be cor-
rectly simulated without a full-scale test model [4-6]. The
consequences of incorrect simulation are as follows: (1) The
final pressure achieved in the scramjet prior to the nozzle
expansion is incorrectly scaled, which in turn influences the
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Fig.1 Schematic of the long-test-duration hypersonic detonation-driven shock tunnel

engine thrust. (2) The PL-scaling law does not preserve the
equilibrium composition. Therefore, under chemical equilib-
rium conditions, static pressure changes affect the amount of
heat released by combustion because more molecular species
form at high pressures, which results in larger energy release.
(3) The density increase associated with the pressure increase
to compensate for the reduced length of a wind tunnel model
implies that the flow approaches equilibrium at different test
model positions. Although the effect on density is small, the
stream-wise rate of the density variation is more severely
affected, which may lead to small but important effects, such
as a shift in the center of pressure [7,8]. Additionally, there
is a strong coupling between the external flows of vehicles
and the internal flow of hypersonic air-breathing engines. In
conclusion, full-scale model testing is required to predict the
engine performance accurately under flight conditions.

With regard to the above discussion, ground test facil-
ities, which are capable of accommodating full-scale test
models with sufficient test time under flight conditions, are
required to gain reliable experimental results for hyper-
sonic air-breathing vehicles. Three types of shock tunnels
are widely used throughout the world for high-enthalpy flow
generation. These facilities are light-gas-heated shock tun-
nels, free piston-driven shock tunnels, and detonation-driven
shock tunnels. Among them, the detonation-driven shock
tunnel is most promising with regard to achieving a lower
cost-benefit ratio, simple structures, and long test duration
[9]. Based on the backward detonation-driven concept, the
hypersonic flight-duplicated shock tunnel (or JF-12 shock
tunnel) has been successfully constructed and calibrated.
This facility is capable of reproducing airflow for Mach num-
bers ranging from 5 to 9 at altitudes of 25-50 km with a test
duration of more than 100 ms [10]. Specifically, the long test
time of the shock tunnel is particularly useful for carrying out
highly accurate force measurements with full-scale model.

In this paper, calibration results of the shock tunnel are pre-
sented to demonstrate its test flow performance and the effect
of the key shock tunnel technology. This study is not only
important for the operation of the shock tunnel and accurate
analysis of experimental data, but also for developing future
hypersonic flight-duplicated wind tunnels.

2 Facility and measuring instrumentation
2.1 Facility description

The hypersonic flight-duplicated shock tunnel is driven by
detonation which has been successfully applied in shock tun-
nel and expansion tunnel [9,11]. The detailed techniques that
have been developed to construct this facility can be found
in Refs. [12,13]. The facility is capable of reproducing pure
airflow with Mach numbers ranging from 5 to 9 at an altitude
of 25-50 km, and an approximate test duration of 100 ms.
Figure 1 shows a schematic configuration of the shock tun-
nel, which mainly comprises five parts. From left to right, the
first part is the damping section with a length of 19 m and an
inner diameter of 400 mm. The function of the damping sec-
tion is to eliminate the excessive reflected pressure at the end
of the driver section [14]. The initial pressure of the damp-
ing section should be as low as possible. Another advantage
of the damping section lies in the fact that it can extend the
time of the reflected wave arriving at the stagnation zone.
The second part is the driver section with a length of 99 m
and inner diameter of 400 mm. The driver section is filled
with a detonable gas mixture. After ignition, a detonation
wave propagates backward, while simultaneously launching
a shock into the driven section. The actual driver gas is the
detonation product. The driven section with a length of 89 m
and inner diameter of 720 mm is connected with the driver
section by the transient part, by which the inner diameter
gradually increases. The experimental gas filled in this sec-
tion is heated and compressed by the incident and reflected
shock-wave. The next part is the contoured nozzle, which
accelerates the experimental gas. Two nozzle sets are avail-
able. The larger one has a length of 15 m and exit diameter
of 2.5 m, and can generate a flow field with Mach number of
7-9. The smaller nozzle has a length of 9 m and exit diameter
of 1.5 m for Mach number of 5-7. When the smaller nozzle
is used, the driven section should be prolonged from 89 m
to 95 m. The last part is the test and vacuum section with an
inner diameter of 3.5 m and total length of 43 m. The vac-
uum section adopts a E-shape to reduce the facility length
caused by the space limitation of the Laboratory. Three test
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Fig.2 Configuration of the schlieren system

conditions, shown in Table 1, were selected as the calibration
test cases. Other test conditions appearing in the following
sections were achieved by varying Ps;, P;, and the mole ratio
of the detonable gas.

2.2 Measuring instrumentation

Piezoelectric and piezoresistive pressure sensors are mounted
along the driver and driven sections. As piezoelectric sensors
are sensitive to heating, they are used to measure the prop-
agation velocity of the shock and detonation wave, whereas
piezoresistive sensors are used to measure pressure values,
such as the stagnation pressure, Pitot pressure, and model
surface pressure values.

The flow field virtualization system was realized using a
Z-type configuration schlieren, shown in Fig. 2. It mainly
includes a light source coupled with a slit, two schlieren
mirrors, lens, knife edge, and high-speed camera. The light
source was a high-intensity xenon lamp in continuous mode.
The displacement accuracy and moving range of the slit were
0.01 mm and 1 mm, respectively. In the optical set-up, two
spherical mirrors with a diameter of 650 mm and focal dis-
tance of 7200 mm were used to collimate the light through
the test section and focus it onto the knife edge. Dynamic
schlieren images were captured using the Photron SA4 high-
speed camera.

3 Effects of key technology
3.1 Ignition technology

Since the shock tunnel is driven by detonation, the direct
initiation of detonation, as opposed to the transition from
deflagration to detonation (DDT), is always needed to
achieve a perfectly incident shock-wave in the driven section.
Figure 3 shows the effect of the transition from deflagration
to detonation on the stagnation pressure. The DDT induces
unsteady stagnation pressure, and the stagnation temperature
can not be obtained by solving the shock-wave relationship
because the shock-wave structure in the driven section is
too complex. Similarly, the free stream test flow param-
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Fig. 3 Effect of the transition from deflagration to detonation on the
stagnation pressure

eters are unknown. Thus, the DDT should be avoided in
experiments.

The initiation of direct detonation is a key problem that
prevents the development of detonation-driven shock tun-
nels. Previously obtained experimental results have revealed
that the ignition energy must exceed a certain threshold.
Additionally, this amount of energy for direct initiation
depends on the mixture ratio of the given pressure, tem-
perature, and igniter [15]. According to detonation theory,
this means that the strong blast wave generated by a pow-
erful igniter upon the rapid deposition of its energy decays
asymptotically to the Chapman-Jouguet detonation. If the
igniter energy is less than the critical value, the reaction zone
becomes progressively decoupled from the blast as it decays,
which results in deflagration [16]. For a large-diameter det-
onation driver and high initial pressure, the power required
for the igniter is very high. In the laboratory, electrical explo-
sion wire is one of the most low cost igniter. Experiments
have been conducted to investigate the explosion process.
Figure 4 shows the progress of explosion as captured by the
high-speed camera. The imaging frame rate was 5000 fps
and the exposure time was 200 us. As the electrical explo-
sion is accompanied by radiation, we assumed that the gray
scale of the image represents the energy generated by the
electrical explosion wire. The derived normalized radiation
intensity and radius are shown in Fig. 5. As can be clearly
seen, the increase to the maximum ignition energy takes
approximately 2.6 ms. The long increase time means that
it is not feasible to initiate direct detonation by increasing
the quantity of the electrical explosion wire. To solve this
problem, a special ignition tube with a length of 1300 mm
and inner diameter of 60 mm was manufactured and installed
perpendicularly to the driver section. A stoichiometric mix-
ture of hydrogen and oxygen was filled into the ignition tube
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Table 1 Calibration test case conditions

H (km) Ma Ps; (MPa) Py (kPa) Ps (MPa) Ts (K) Re (m™1)
33 6.0 1.5 19.0 1.53 1797 1.35 x 10°
35 7.0 2.7 24.3 3.28 2222 1.23 x 100
50 8.5 1.5 4.5 1.78 3433 1.54 x 10°
0.0 ms 0.2ms 0.4 ms
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Fig.4 Measured explosion progress of the electrical explosion wire
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Fig.5 Derived normalized radiation intensity and radius

and ignited by the electrical explosion wire. The produced
high-temperature gases were accelerated and injected into
the driver section, and direct detonation was subsequently
triggered in the driver section.

To confirm the ignition performance, three piezoelectric
pressure sensors, labelled 1, §2, and #3, were mounted along
the driver section to measure the pressure variation; the dis-
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Fig.6 Typical output of the piezoelectric pressure sensors for measur-
ing detonation wave velocity

tance of the sensors to the right end of the driver section was
90 mm, 25,522 mm, and 37,772 mm, respectively. Experi-
ments were conducted under different operating conditions.
Figure 6 shows the typical sensor output. The measured
pressure profiles of sensors 2 and #3 clearly show the struc-
ture of the detonation front and combined Taylor expansion
wave. The peak value of sensor 1 is lower compared with
that of #2 and 3, mainly owing to the expansion wave gen-
erated by the rupture of the diaphragm. Then, the detonation
wave velocity was calculated using the time of flight method.
Table 2 presents the detonation wave velocity, where Vi and
V>3 denote the measured average velocity between sensor 1
and sensor 72, and the measured average velocity between
sensor #§2 and sensor 3, respectively. The theoretical det-
onation velocity was calculated with the help of Gaseq (a
chemical equilibrium program developed by Chris Morlye,
refer to www.gaseq.co.uk for detailed introduction). From
Table 2, it can be confirmed that the average velocity V23
is approximately the same as V|,, which indicates a stably
propagating detonation wave. As sensor 1 was installed at
the ignition point, the constant velocity clearly indicates that
direct detonation was in fact initiated in the driver section.
Hence, the design of the ignition tube satisfies the experi-
mental requirements.
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Table 2 Measured velocity of detonation wave in the driver section

Mole ratio VTheory Viz Va3

H:0,2:Np =2:1:2.0 2296 2499 2501
H;:07:Np =2:1:3.6 2055 2276 2284
H,:07:Np =2:1:3.7 2048 2252 2279
CH4:07:Np =1:2:2.7 2148 2531 2574

Fig.7 Main diaphragm. a Plain diaphragm. b Broken plain diaphragm
(Psj = 2.0 MPa). ¢ Broken plain diaphragm (Py; = 2.5 MPa).
d Broken plain diaphragm (P4; = 3.0 MPa). e Spheric diaphragm.
f Broken spheric diaphragm (Ps; = 3.0 MPa)

3.2 Diaphragms

Three diaphragms, with the main diaphragm being the most
important, separated the dumping section, driver section,
driven section, and nozzle. The main diaphragm had a diam-
eter of 400 mm and was placed at the right end of the driver
section. An ideal diaphragm is one that sustains the initial
pressure, and cleanly and quickly breaks under the pulse load
of the detonation wave. Even small diaphragm pieces can
greatly damage the nozzle throat and test model. Addition-
ally, the diaphragm should be as thin as possible to reduce the
pressure loss caused by the diaphragm rupture. These con-
siderations place highly demands on the material. Based on
previous experience, a scored groove can control the rupture
process and prevent the dispersion of metal particles into the
flow. Therefore, many experiments have been conducted to
determine an appropriate material and scoring method in the
equipment commissioning process.

In this study, ST14 cold rolled steel was selected owing
to its good tensile property, and four petals were scored on
one side of the diaphragm. The plain diaphragm, shown in
Fig. 7a, was used under relatively low operation pressure.
Figure 7b shows the broken diaphragm with an initial driver
pressure of 2.0 MPa. After weighing, it was ensured that no
fragments were produced during the rupture. When the initial
driver pressure increased to 2.5 MPa, it was observed that
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Table 3 Measured plain diaphragm rupture time (a 3.5 mm thick
diaphragm, scored to 1.2 mm depth)

Run No. Ms Py; (MPa) P (kPa) Time (ms)
08920 5.0 1.0 12.6 2.32
08921 5.0 1.0 12.6 2.22
08923 5.0 1.0 12.6 2.39
07923 5.0 1.5 19.0 1.64
08929 5.0 1.5 19.0 1.73
08912 5.0 1.5 19.0 1.68
08902 5.0 2.0 253 1.39
08930 5.0 2.0 253 1.38

the diaphragm petals were bent backward by the detonation
wave. However, no pieces broke off. The rupture time of
the plain diaphragm was determined from the passage of
the shock at the piezoelectric pressure sensor downstream of
the diaphragm. Table 3 shows the measured rupture time of
the plain diaphragm. The experiments were conducted with
the same incident shock-wave Mach number, and the initial
pressure of the driver section and driven section was varied.
The average rupture time was 2.31 ms, 1.68 ms, and 1.385
ms, while the initial driver pressure was equal to 1.0 MPa, 1.5
MPa, and 2.0 MPa, respectively. The reason for this is that
the detonation wave load increases when the initial pressure
was higher.

With further increase of the initial driver pressure to 3.0
MPa, all four petals were detached from the diaphragm, as
shown in Fig. 7d. This greatly limited the operation capabil-
ity of the wind tunnel. The diaphragm fully opened when the
petals were closely attached to the inner wall of the driven
section, and turned by 90 degrees for the plain diaphragm.
The reduced rupture time led to a higher diaphragm defor-
mation rate and the material strength did not satisfy the new
requirements. One way to lower the deformation rate is to
reduce the turn angle of the diaphragm petals. Therefore, a
spherical diaphragm was designed by Zhao [9], and manufac-
tured. As shown in Fig. 7e, the steel sheet was pre-stamped
to be a diaphragm with a spherical dome. Another advan-
tage of the spherical diaphragm is that it can further decrease
the stress at the root of the diaphragm. The broken spherical
diaphragm is shown in Fig. 7f. The petals remained intact,
which indicates that the spherical diaphragm performed well
under the high initial driver pressure.

3.3 Loss of driving capacity caused by diaphragm
rupture

To realize the desired flow field in the test section, the
initial parameters of the driven and driver sections should
be determined. One-dimensional isentropic expansion, nor-
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Table 4 Pressure loss due to diaphragm rupture

Run No. Detonation Diaphragm Ms P P4 (MPa) PZ{ (MPa) Pressure loss (%)
H>:07:N»p Nick depth (mm) Effective Detonation
08920 2:1:3.76 1.2 5.0 12.6 2.28 2.82 19.15
07923 2:1:3.76 1.2 5.0 19.0 3.46 4.26 18.78
08930 2:1:3.76 1.2 5.0 25.3 4.64 5.70 18.60
08407 2:1:2.75 1.0 7.1 6.0 4.56 6.07 24.88
08413 2:1:3.76 1.0 5.0 38.0 6.56 8.60 23.72
08420 2:1:3.76 1.0 53 18.0 4.31 5.70 24.39
06411 2:1:3.76 0.8 4.9 38.0 6.17 8.60 28.26
06409 2:1:4.00 0.8 4.7 41.0 6.10 8.46 27.90
mal shock-wave flow equations, and detonation theory are 8r e 05210
helpful in obtaining the initial parameters of the driver and I — e 05205
driven sections. However, the driving pressure loss caused by ’r —a— 03203
diaphragm rupture cannot be theoretically calculated. Thus, —v— 03223
experiments were conducted to overcome this problem. In 6 —— 01203
the experiments, it was not possible to measure the effective | —+— 12118
driving pressure. An alternative method is to measure the 2 St \+ 08702
incident shock-wave Mach number (Ms) and calculate the 4 _ —e— 08704
effective driving pressure (P4) according to the shock-wave
equations. The pressure loss (A P) is defined in Eq. (1) 3 _ m
AP: (P4/'_P4) (1) 2 L 1 L 1 L 1 L 1 L 1 L ]
P, 20 40 60 80 100 120 140
L/D

where P, is the pressure of the detonation product.

The time-of-flight method was used to measure Ms.
Therefore, three piezoelectric pressure sensors were installed
along the driven section, with the distances from the main
diaphragm of 1952 mm, 8032 mm, and 14,112 mm. The
diaphragm was a 3.5-mm thick plain diaphragm, with a nick
depths of 1.2 mm, 1.0 mm, and 0.8 mm. The measured results
are presented in Table 4. According to these data, the pres-
sure loss was approximately 19% with nick depth of 1.2
mm, and increased to 28% when the nick depth was 0.8
mm, respectively. This dataset provides a theoretical basis
for determining the facility’s initial parameters.

3.4 Decay of incident shock-wave

The strength of the incident shock-wave in the driven sec-
tion is a critical parameter for determining the properties of
the stagnation zone. As viscosity and heat conduction can
not be ignored, a boundary layer is formed along the wall of
the driven section. An important consequence of this bound-
ary is that it generates weak pressure waves which catch
up with and attenuate the incident shock-wave [17]. Experi-
ments were conducted to investigate this phenomenon. The
incident shock speed was measured by piezoelectric pressure
sensors that were flush-mounted along the wall of the driven

Fig. 8 Measured incident shock-wave decay for eight test cases with
different initial Mach number

section. These piezoelectric sensors had a full-scale range
of 10 MPa, and a dynamic response frequency of 100 kHz.
The output signals were simultaneously recorded by a multi-
channel data acquisition system at 1.0 MHz per channel.
The experimental data of the incident shock-wave decay
obtained for each of the eight test cases are presented in
Fig. 8. The ordinate represents the Mach number of the inci-
dent shock-wave. The abscissa is /D, where L is the distance
to the main diaphragm and D is the diameter of the driven sec-
tion. The data were further analyzed using the straight-line
fitting method. Table 5 presents the fitting results and Fig. 9
shows the relationship between the attenuation rate and the
Mach number of the initial incident shock-wave. The attenu-
ation rate is defined as the Mach number drop per tube length
nondimensionalized by the tube diameter. From the measured
data, the following observations can be made: (1) The attenu-
ation rate varies with the Mach number of the initial incident
shock-wave. For example, when the initial incident shock
Mach number was 7.45, 4.76, and 3.20, the calculated atten-
uation rates were —0.0142, —0.0095, —0.0047, respectively.
(2) The adjusted coefficients of determination, which were
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Table 5 Fitting results of the data given in Fig. 8

Run no. Ms Attenuation Adj.
(L/D=32.1) rate R-square
03203 7.45 —0.0142 0.9994
08704 6.91 —0.0135 0.9984
12118 5.96 —0.0130 0.9918
08702 5.38 —0.0112 0.9982
05205 4.99 —0.0102 0.9993
05210 4.76 —0.0095 0.9977
01203 3.55 —0.0058 0.9952
03223 3.20 —0.0047 0.9975
-0.004
-0.006 |
o -0.008 |
© L
_6 -0.010 |
© L
c
L -0.012
< I
—_
-0.014 |+ ~a
-0.016 1 . 1 . 1 . 1 . 1
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Ms (L/D=32.1)

Fig.9 Attenuation rate variation with initial Mach number (L/D=32.1)
of the incident shock wave

obtained using the fitting method, were all greater than 0.99.
This indicates that the attenuation rate along the driven sec-
tion was approximately linear. (3) What stands out in Fig. 9
is that the attenuation rate obviously changed at Ms= 5.96.
This may have been caused by the high temperature gas
effects, because the gas temperature behind the shock-wave
was approximately 2000 K when the Mach number of the
incident shock-wave was 5.96. The temperature was suffi-
ciently high for causing chemical reactions and exciting the
vibrational states of the molecules. As little information is
known about the boundary layer, further investigation and
novel measurement technology is required to elucidate the
detailed mechanism.

The attenuation rate was further investigated while the
initial pressure ratio was maintained in the driver and driven
sections (Pa;/P1). The measured results are presented in Fig.
10. Table 6 summarizes the initial pressure, derived shock
attenuation rate, and stagnation property (Ps and T5). The
proportional change of the initial pressure of the driver and
driven sections had a small effect on the attenuation rate
and stagnation temperature, while the stagnation pressure
proportionally changed. This is a useful finding because it
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Fig. 10 Measured incident shock wave decay while keeping Pu;/ P
constant

makes it very convenient to change the Reynolds number of
the test flow field.

4 Flow field calibrations
4.1 Operation mode

After the rupture of the main diaphragm, an incident shock-
wave propagated into the test gas in the driven section. Behind
the incident shock, a contact surface followed and sepa-
rated the driver and driven gas. The incident shock-wave was
reflected at the end wall of the driven section, and created
a region of almost stagnant, compressed, high-temperature
gas.

After a short time, the reflected shock interacted with the
contact surface. As shown in Fig. 11, during the interaction,
new waves may be generated and propagate again down-
stream toward the end wall, while the reflected shock moves
further upstream with changed velocity [18].

In the tailored mode, the conditions of the driver and driven
gases at the interface are matched (or tailored), such that no
additional waves are created by the interaction. The tailored
mode is achieved by carefully controlling the pressure and
the mixture of gases in the driver and driven sections [19].
The tailored mode is always desirable as it can effectively
prolong the test time [20-22].

The stagnation pressure (Ps) in the nozzle reservoir is
an ideal parameter that indicates the operation mode. Addi-
tionally, the nozzle flow becomes more uniform when the
stagnation is more stable. Figure 12 presents the measure-
ment at the end of the driven section. These experiments
were conducted at the stagnation temperature of 2205 K.
From Fig. 12, the following observations can be made: (1)
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Table 6 Measured attenuation rate and stagnation property while keeping Ps;/ Py constant
Run no. Py; (MPa) P (kPa) Attenuation rate Ps (MPa) Ts (kPa)
Case 1 11819 1.5 19.0 —0.0096 1.53 1797
12812 0.75 9.5 —0.0096 0.68 1789
Case 2 11806 2.7 24.3 —0.0102 3.28 2222
12621 2.0 18.0 —0.0101 2.40 2206
Case 3 01922 1.5 4.5 —0.0131 1.78 3433
05612 2.0 6.0 —0.0136 241 3402
a | /]\ b _ ; ¢ R Expansion its average value. The two sharp peaks indicate the.arrival of
: t Tra:snllltted ! \ wave the incident shock-wave and the reflected detonation wave.
Transmitted shoci Transmitted \ . . dpP*
chsck, o KShock| shock p During the test time, the average <3~ was —0.048%/ms and
P P § —0.044% /ms.
Comatt Contact,” Contact ,” Tailoring is theoretically possible only for one incident
surface,” Reflecte surface’ Reflected\ | surface’  Reflecte hock h123 hich i limitati h
// shock // shock // chiock shoc .s.trengt [23], which imposes a seYere imitation 'tot e
P p P capability of the shock tunnel. In practice, the overtailored
hcident Incident Incident mode and undertailored mode, which are respectively shown
shock —t> shock shock

Fig. 11 Interaction of the reflected shock with the contact surface.
a Tailored mode. b Overtailored mode. ¢ Undertailored mode

The quasi-tailored operation mode was successfully achieved
in the hypersonic flight-duplicated shock tunnel. (2) Before
the reflected detonation wave arrived at the end of the driven
section, uniform pressure was maintained up to 130 ms. This
time duration is sufficiently long, both for the flow pres-
sure and heat transfer measurements, and for the hypersonic
combustion and aerodynamic force measurements. (3) The
stagnation pressure histories measured in the two experi-
ments coincide with each other, which indicates the good
repeatability of the shock tunnel. The average pressure of the
two experiments, from 50 ms to 175 ms, was 3.06 MPa and
3.01 MPa. (4) The blue and purple dash dot lines indicate the
constant value of 2.9 MPa and 3.2 MPa, respectively. From 50
ms to approximately 150 ms, the stagnation pressure varied
between the lines, which means that the stagnation pressure
was constant within 4= 5%. Figure 13 shows the normalized
stagnation pressure change (%) derived from the measured
pressure traces. P* is the stagnation pressure normalized by

in Fig. 11b, c, are also useful driving methods if the reflected
shock-wave or expansion wave becomes successively weaker
within limited time. After multiple reflections, the reflections
become sufficiently weak, such that temperature or pressure
changes do not occur. The equilibrium temperature can be
calculated by assuming that the reflections are isentropic,
while the equilibrium pressure can be directly measured by
a pressure sensor installed at the end of the driven section.

Figure 14 presents the comparison of the measured stag-
nation pressures of different operation modes. Each pressure
curve in the figure was normalized with its average value.
The following observations can be made: (1) In the undertai-
lored mode and overtailored mode, it takes approximately 20
ms for a stagnation pressure to reach the equilibrium condi-
tion, with approximately 100 ms remaining for experiment.
This means that untailored operation modes are acceptable in
the hypersonic flight-duplicated shock tunnel. (2) The arrival
time of the reflected detonation wave for the three operation
modes was 176.8 ms, 179.6 ms, and 183.5 ms. Therefore, the
operation mode only has a minor effect on the propagation
process of the reflected detonation wave.
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Fig.12 Stagnation pressure (Ps) measured at the end of the driven section
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Fig. 13 Normalized stagnation pressure change

Notably, the measured steady stagnation pressure does not
always indicate a uniform nozzle reservoir condition because
the driver gas contamination changes the test gas proper-
ties. The mechanism for driver gas contamination has been
reported in Refs. [24,25]. Although various methods and
devices have been proposed to experimentally determine the
driver gas contamination, most of them are ineffective in situ-
ations where detonation drivers are used, because the specific
heat ratio variation caused by the contamination will be far
less obvious [7,26]. Moreover, driver gas contamination is
a great concern for reflected shock tunnels, and driver gas
measurement experiments using laser absorption techniques
are currently underway.

1.5

e

4.2 Nozzle flow

The steady flow duration at the test section is determined
by the steady-flow duration at the nozzle reservoir, and also
by the transient starting process of the nozzle. The tran-
sient starting process decreases the useful testing time of
the tunnel, and an excessively long starting process severely
limits its usefulness. Smith has pointed out that the transient
flow conditions at a fixed nozzle location can be described
as a function of time, as follows [27]: (1) No flow from
the time of diaphragm rupture until the arrival of the pri-
mary shock-wave. (2) High-temperature, low-density flow
between the primary shock-wave and the contact surface. (3)
Low-temperature, higher-density flow between the contact
surface and the secondary shock-wave. (4) Flow of increasing
density as the expansion wave passes. (5) Final approach to
the quasi-steady flow values. However, it is difficult to accu-
rately measure the staring process as the opening process of
the secondary diaphragm is unknown. Figure 15 shows the
comparison of P; with Ps. Notably, P; was obtained at the
probe located at the nozzle exit. From the figure, the follow-
ing observations can be made: (1) The Pitot pressure at the
nozzle exit follows the reservoir pressure with a time lag of
approximately 5.3 ms. (2) It takes approximately 6.5 ms for
the Pitot pressure to reach its peaks. This means that the flow
reaches a quasi-steady state within 6.5 ms. Since the Pitot
probe was designed with a particular structure to protect the
sensor from the harsh flow, the time cannot be accurately
measured.

Further experiments were conducted to measure the time
required for the primary shock-wave to reach the nozzle exit.
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Fig. 14 Comparison of the measured stagnation pressure under different operation modes
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Fig. 15 Comparison of nozzle exit Pitot pressure P; with reservoir pressure Ps
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Table 7 Measured time required for the primary shock-wave to reach the nozzle exit

Run no. Nozzle Ps (MPa) Ts (K) Time (ms)
Exit dia. (mm) Length(mm) Nominal Ma
02426 1500 9000 6 2.5 1688 4.5
03405 1500 9000 6 39 1713 34
12425 1500 9000 6 2.5 2155 4.0
11427 1500 9000 6 2.5 2926 3.7
08302 2500 15000 7 2.2 2359 6.8
01407 2500 15000 7 2.5 2356 6.2
04327 2500 15000 7 1.7 2020 7.9
11314 2500 15000 7 1.7 2284 7.7
11318 2500 15000 7 1.8 3346 6.4

These results are valuable evaluating the numerical simula-
tions for the nozzle flow. The experiments were conducted
with two nozzle sets and nominal Mach numbers of 6 and 7.
In the experiments, the nozzle and test sections were evacu-
ated to 30 Pa. Table 7 presents the measured results. As can be
seen, the increasing of the stagnation pressure or temperature
accelerates the primary nozzle shock.

4.3 Flow field uniformity

The flow field was calibrated using a cross Pitot rake. As the
name suggests, this is a rake with two crossing arms carry-
ing 40 spheres with a diameter of 24 mm. Each sphere is
instrumented with a piezoresistance pressure sensor to mea-
sure the Pitot pressure at the stagnation point. The measured
results are similar to those presented in Fig. 15. The Mach
number profiles can be deduced form the measured Pitot and
stagnation pressure.

Figure 16 presents the calibrated results for the larger noz-
zle. The nozzle exit diameter is 2500 mm and the nominal
Mach number is 7. The experiments were conducted at the
stagnation temperature of 2498 K and under a stagnation
pressure of 3.0 MPa. From the figure, the following obser-
vations can be made: (1) The uniform core flow region at
the nozzle exit plane has a diameter of approximately 2 m.
Knowing the core flow region is helpful in determining the
maximum size of the experimental model that can be tested
without experiencing boundary layer effects from the tunnel
wall. (2) The average value of the Mach number at the nozzle
exit was 6.98 and the non-uniformity of the Mach numbers
in the core of flow field was within £2.5%.

Figure 17 provides the measured Mach number profiles for
the nozzle with an exit diameter of 1500 mm. Measurements
were taken for three positions downstream of the nozzle: that
is, z= —500, 0, and 180. Here, z is a coordinate axis start-
ing from the nozzle exit, and its positive direction coincides
with the flow direction. For the smaller nozzle, the uniform
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Fig. 16 Mach number profile at the nozzle exit
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Fig. 17 Mach number profiles for three axial positions downstream of
the nozzle

core flow region had a diameter of approximately 1.1 m.
The Mach number profiles measured for the three positions
only exhibited minor differences. In the central part of the
flow field, the Mach number slightly varied as z increased.
The average Mach number for the three positions was 6.26,
6.21, and 6.19. The variation of the Mach number is less than
1.7% /m. These results also indicate that a uniform flow field
had already been established upstream of the nozzle exit.
Schlieren pictures provide a different method for visual-
izing and calibrating the flow field. A simple standard model
was used in the calibration. The model was a sharp cone with
a semi-vertex angle of 10° and axial length of 1500 mm,
and was positioned in the test section with an attack angle
(AOA) of 5.2°. The schlieren knife edge was set horizontally
to obtain the vertical flow gradients. Figure 18 shows a typical
schlieren image captured at the flow Mach number of 6.98.
The free stream is from right to left. Shock-waves can be iden-
tified in the image. In particular, the windward shock can be
seen owing to its high gray contrast. The images captured dur-
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Fig. 18 Typical schlieren image of the flow around the cone model
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Fig. 19 Extracted windward shock angle

ing the tests were further processed to extract the windward
shock angle. Figure 19 shows the extracted windward shock
angle (0). From the figure, the following observations can
be made: (1) The windward shock angles obtained from the
two repeated experiments are identical, which also indicates
the good repeatability of the flow field. The extracted shock
angle was 13.3 &= 0.5°. (2) The flow around the test model
reached a quasi-steady state within approximately 4.5 ms. (3)
The uniform stagnation pressure was maintained for approx-
imately 130 ms, while the windward shock angle remained
constant for at least 150 ms. This explains why the proposed
methods for driver gas detection by variation of the shock
angle during the contamination are not practical in detona-
tion driven shock tunnels.

5 Conclusion

This study confirmed the successful development of the JF-
12 shock tunnel by performance experiments, and obtained
very encouraging results. This large-scale hypersonic flight-
duplicated shock tunnel offers a large coreflow, sufficient test
time, and pure air test conditions that are suitable for hyper-
sonic scramjet vehicles. The following conclusions were
drawn with regard to the facility’s performance: (1) Tailored
interface operation can be achieved in the Hypersonic Flight-

@ Springer

duplicated shock tunnel. The uniform stagnation pressure
was maintained for as long as 130 ms, which is sufficient for
hypersonic combustion tests. The stagnation pressure was
constant within £+ 5% and the average % varied by less
than 0.048%/ms. (2) The variation of the stagnation pres-
sure in repeated experiments is less than 2.0%, indicating
the good repeatability of the wind tunnel. (3) The uniform
core flow region for the big and small nozzle was 2.0 m
and 1.1 m, respectively. The non-uniformity of the Mach
number in the core flow field at the nozzle exit was within
=+ 2.5%. Additional, a uniform flow field had already been
established upstream of the nozzle exit. The axial gradients
of the flow field are small since the Mach number varies less
than 1.7%/m.

The additional findings of this study are as follows: (1)
The combination of an ignition tube with an explosion wire
can initiate direct detonation in the driver section. (2) By
increasing the initial pressure of the driver section, the rup-
ture time of the main diaphragm was reduced. The reduced
rupture time led to a higher diaphragm deformation rate
and most of the material could not satisfy the requirements.
Under these circumstances, the scored spherical diaphragm
is a good choice for ensuring that pieces do not break off
during the experiment. The diaphragm should be as thin as
possible to reduce the driver pressure loss. (3) The incident
shock-wave decayed linearly along the driven section. The
attenuation rate varies with the Mach number of the incident
shock-wave. Additional, the attenuation rate sharply changed
at approximately Ms=6, possibly owing to high temperature
effects. (4) Remarkably, untailored operation modes are also
acceptable in the Hypersonic Flight-duplicated shock tunnel
because it only takes approximately 20 ms for the stagnation
pressure to reach the equilibrium condition, and 100 ms are
still available for testing. (5) The Pitot pressure at the noz-
zle exit followed the stagnation pressure with a time lag. An
increase in the stagnation pressure will accelerate the pri-
mary shock in the nozzle, and will result in a reduced time
lag.
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