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Abstract. A detonation driven shock tunnel is useful as a ground test facility for hypersonic flow research.
By attaching a convergent section ahead of the primary diaphragm in the driver section, the downstream
operation mode became available to generate a high-enthalpy test flow. A 100 mm diameter shock tunnel
was for the first time installed in the Laboratory of High-Temperature-Gas Dynamics (LHD), Institute of
Mechanics, Chinese Academy of Sciences, and after its continuous refitments, a high performance detona-
tion driven shock tunnel was achieved to generate high-enthalpy and high-Reynolds number test flows. A
new method to burst a metal diaphragm with the downstream operation mode is discussed.
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1 Introduction

Ground test facilities are necessary in hypersonic flow
research, especially for simulating space vehicles’ atmo-
spheric reentry and supersonic combustion. Although bal-
listic ranges and wind tunnels with electrical arc heaters
are already used for this purpose, impulse wind tunnels
have advantages because these facilities can accommodate
relatively large-size models and their operational costs are
relatively low. Among the impulse facilities, such as free
piston shock tunnels, detonation driven shock tunnels, and
light-gas gun shock tunnels, the detonation driven shock
tunnels were already chosen by some laboratories in the
world because the detonation driven systems are inexpen-
sive, have simple structures and a higher degree of re-
peatability than free piston shock tunnels.

Detonation product gases at high temperatures and
pressures can easily generate strong incident shock waves
in shock tubes. Two detonation driven systems are pos-
sible basically depending on the difference in ignition po-
sitions in the driver section: the system in which the ig-
nition is performed at the end of driver section is named
downstream operation mode; another system in which it
is done near the primary diaphragm section is named up-
stream operation mode. Both of these operation modes
were for the first time investigated by Bird [2]. Their el-
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ementary characteristics were analyzed. Coates and Gay-
don [3] tried a double driver system, in which weak inci-
dent shock waves were generated firstly in the detonation
chamber, and then the detonation was initiated by the
shock wave reflected from the primary diaphragm section
as shown in Fig. 1la. The detonation was not easily ini-
tiated by the reflected shock waves, and then the repro-
ducibility was not satisfactory.

Yu et al. [8] developed a detonation driven shock tun-
nel, in which, as shown in Fig. 2, a damping section was
connected to the end of the driver section and the igniter
was placed near the primary diaphragm section.

Based on this idea, a series of detonation driven shock
tunnel facilities were successively constructed at LHD, In-
stitute of Mechanics, Chinese Academy of Sciences and the
Shock Waves Laboratory, RWTH Aachen University [5].

Bakos and Erdos [1] developed double driver sections.
To simultaneously ignite oxy-hydrogen mixtures, high-
pressure helium is filled in the first driver section as shown
in Fig. 1b. The detonation driver was applied in both
reflected shock tunnel and expansion tunnel, and high-
enthalpy tests were carried out on this facility.

The downstream and upstream modes were studied
at LHD [9] and crucial techniques, such as spontaneous
strong ignition and attenuation of the reflected waves,
were resolved successively. As a result of these improve-
ments, a large detonation driven shock tunnel was con-
structed in 1996, which was 40 m in total length, had a
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Fig. 1a,b. z-t wave diagram of detonation driven shock tube
with two kinds of ignition, a Initiation by the reflection of a
shock wave, b Initiation by a strong incident shock wave

conical nozzle with 500 mm in exit diameter, and was op-
erated at an operational pressure in the detonation cham-
ber of 300 MPa.

The downstream operation mode is advantageous for
obtaining high-enthalpy test flows. However, due to the
Taylor rarefaction wave which follows the detonation
front, the primary shock wave is attenuated. Jiang et al. [7]
and Zhao et al. [10] developed some ways to solve these
problems. Another problem to solve then was to burst
the primary metal diaphragms, which produced fragments
at the moment of rupture. To avoid this effect, plastic
diaphragms are employed in some laboratories although
these also have demerits. A new method was developed
in LHD to burst metal diaphragms without creating any
fragments. With this technique, 25 MPa stagnation pres-
sure and 15 MJ/kg stagnation enthalpy was achieved at
an initial driver pressure of 3.5 MPa.

The upstream operation mode with the damping sec-
tion is used to generate test flows with high-Reynolds
numbers of over 4 x 107 /m.

This paper reports the detonation driven shock tun-
nel’s performance with upstream and downstream oper-
ation modes and the newly developed diaphragm burst
technique.
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Fig. 2. z-t wave diagram of upstream operation mode
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2 Operation principle
2.1 Upstream operation mode

To explain the principle of the upstream operation mode
accompanying a damping section, the waves propagation
in the detonation driven shock tube is presented in Fig. 2
in the z-t diagram. The detonation wave is initiated near
the primary diaphragm, and propagates to the reverse di-
rection and eventually bursts the diaphragm at the damp-
ing section at low pressure. This process attenuates the
shock wave propagating along the damping section so
that the reflected shock wave pressure from the end wall
of the damping section cannot be very high. Meanwhile,
the high-temperature and high-pressure detonated prod-
uct gas which remains in the driver section acts as the
driver source for the shock tube. After the primary di-
aphragm rupture, a strong incident shock wave propa-
gates toward the shock tube end wall. The nozzle reservoir
condition is generated similarly to conventional reflected
shock tunnels.

The damping section works to decrease the reflected
shock pressure. Without the damping section, detonation
waves reflected from the end wall of the high pressure
chamber would create hundred times higher pressure of
the initial pressure [4], it may damage the facility.
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Fig. 4. Sketch of the JF-10 detonation shock tunnel

2.2 Downstream operation mode

The downstream operation mode is explained in the z-t
diagram shown in Fig. 3. An area converging section is
placed in front of the primary diaphragm section of the
detonation chamber. The Taylor rarefaction wave which
follows up the downstream propagating detonation front
will be accelerated after passing the area converging sec-
tion, and attenuates the primary shock wave. The area
converging section gives a simple and useful method to
solve the quick shock attenuation due to the Taylor rar-
efaction wave, because the reflected detonation wave at
the area convergence will weaken the Taylor rarefaction
wave. However, this method has a limitation which is only
valid if the Taylor rarefaction wave is not too strong to be
weakened fully. If the primary shock wave is so fast as for
the rarefaction wave to catch it up, then the downstream
operation mode becomes available. For this purpose, ini-
tial pressures in the detonation chamber should be high
enough to generate strong incident shock waves.

3 Experimental facility
3.1 Main facility

The sketch of the JF-10 detonation tunnel is shown in
Fig. 4. It is 40 m in total length, the detonation chamber
has an inner diameter of 150 mm, the shock tube one of
100 mm and the damping section one of 430 mm. Under
the downstream operation mode, the lengths of the det-
onation chamber and shock tube are 8.8 m and 12.5 m,
respectively. The vacuum tank volume is nearly 25 m?.

As the detonated product gas temperature is over 3000
K, and the flow duration is more than several milliseconds,
any gaps which may exist between the detonation chamber
and the diaphragm section will damage the structure. For
safety, the chamber is made of PCrNi3MoVa steel, which
can withstand high-pressure and high-temperature condi-
tions. The design pressure of the detonation chamber is
over 300 MPa.

3.2 Accessory facility
An initiation tube which is a shock tube consisting of an

explosion wire with several convergence stages inside, was
developed to quickly initiate the oxy-hydrogen mixture
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Fig. 5. Schematic illustration of the initiation tube arrange-
ment in the downstream detonation driven shock tunnel
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Fig. 6. Illustration of filling and mixing oxy-hydrogen with
critical nozzles

connected to the detonation chamber. The mixtures is ig-
nited by the explosion wire inside the initiation tube and
then a high-temperature jet is formed which propagates
into the driver chamber tube, then initiates the detonation
immediately as shown in Fig. 5.

In order to burst a metal diaphragm without its frag-
mentation under the downstream operation mode, two ini-
tiation tubes are placed near the primary diaphragm and
in the end wall of the detonation chamber as shown in
Fig. 5. They are not ignited simultaneously but with a de-
lay time of several milliseconds which is set to ignite the
initiation tubes of A and B. The ignition in the initiation
tube A is performed just before the arrival of detonation
waves at the primary diaphragm position. The delay time
is specified depending on the detonation chamber length
and the detonation wave speed. As the delay time is very
sensitive to controlled diaphragm bursting, it should be
set within 50 us accuracy.

For the upstream operation mode, only the initiation
tube A is used and the initiation tube B not. As the deto-
nation waves propagates upstream (left), the momentum
working on the primary diaphragm is less so that metal
diaphragm grooves are not fragmented easily.
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Five pressure sensors were arranged along the shock
tube to detect to shock wave arrival at the positions
marked (c,d,ef,g) as seen in Fig. 5. The reservoir con-
ditions of the shock tunnel are determined by the output
signals from (f,g) installed near the throat. The pressure
transducers (a,b) were installed in the detonation chamber
to measure the detonation wave speed.

Oxygen and hydrogen are supplied to the detona-
tion chamber simultaneously through critical nozzles, and
mixed spontaneously by jet interaction when these gases
are introduced through counter positioned outlet nozzles
inside the chamber as seen in Fig. 6. Based on the critical
nozzle principle, the constituents of stoichiometric oxy-
hydrogen mixtures were accurately calibrated.

The exit diameter of the hypersonic nozzle is 500 mm.
Two types of throats are designed to correspond to Ma =
8 and Ma = 10 flow fields and the corresponding throat
diameters are d* = 33 mm and 16 mm, respectively. A
pitot rake of 550 mm in radial length was used to mea-
sure free stream pressures in the test section. The pressure
transducers were distributed at every 50 mm.

4 Experimental results and discussion

According to the definition of the conventional shock tun-
nel terminology, subscript “4i” and subscript “1” repre-
sent the initial condition in the detonation chamber and
that in the driven section, respectively. “M,” represents
the primary shock wave Mach-Number in the shock tube,
“M,” represents the free stream Mach-Number in the test
section. All of the experiments were carried out under the
following conditions:

Py; = 3 MPa~4.9 MPa, mixture Hy : Oy =2 ~ 4.5,

P =0.01 MPa~2.2 MPa, Air.

4.1 Results of upstream driven detonation

The relationship between the Py;/P; and M is shown in
Fig. 7, where Py; = 3 MPa and Hs : O5 = 3. The difference
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Fig. 8a,b. Typical experimental pressure histories in the shock
tube under upstream operation mode

between the two black lines at the same Py;/P; condition
represents the shock wave attenuation from “d” to “g”.
Figure 7 shows that the increase of the pressure ratio with
Mach Number for these two lines is small and with very
limited shock wave attenuation.

Departures between computational and experimental
results should be noticed. The predicted value of Py;/P; is
higher than the experimental one when the Mach number
is less than 6. This might be caused by the increase of the
throat diameter from 100 mm to 150 mm in the driver
section, and additional driving is generated. On the other
hand, the predicted value of Py;/P; is lower than the ex-
perimental one when the Mach number exceeds 6. This
may be attributable to the existence of viscosity and heat
conduction in shock tube flows. The stronger the incident
shock waves, the more serious the shock wave attenuation
becomes.

Figure 8 shows typical pressure histories recorded at
“c” and “e”: A strong shock case is shown in Fig. 8a and
a moderate shock case in Fig. 8b. In the strong shock
case, expansion waves are so intense that the expansion
tail matches with the interface. A stable pressure plateau
continues for a short time duration and increases gradu-
ally. With propagation, the pressure profile becomes flat,
while the shock strength attenuates from “c” (My = 7.41)
to “e” (Mg = 7.04). It indicates that to achieve a stable
test time, the shock tube should be long despite of signif-
icant shock attenuation.

For a moderate incident shock, the effect of expansion
waves is limited and then the plateau pressures continues
relatively long as seen in Fig. 8b. The shock attenuated

from “c” (Mg = 3.21) to “” (M, = 3.03).
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Fig. 10a,b. Pitot pressure distributions at the exit of nozzle
under upstream mode

Although limited in the generation of high-enthalpy
flows, the upstream operation mode could generate high
Reynolds number flows because of the excellent perfor-
mance at low-enthalpy conditions.

Typical stagnation pressure histories and pitot pres-
sure histories are shown in Fig. 9. At a 27 mm distance
from the transducer “g” to the second diaphragm, the

pressure transducer was installed in a recess mount, which
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Table 1. Initiation conditions and free stream parameters

P4i H2/02 PO HO Ma Uoo Re
MPa MPa MJ/kg m/s 1/m
3.5 2 55.3 0.68 8.16 1380 4x107
3.5 2.5 60.2 1.06 10.5 1430 2x107

caused a spike-shaped pressure history at the earlier stage
as seen in Fig. 9a and gradual pressure increase behind
the shock jump as seen in Fig. 9b, which is attributable
to the arrangement of protecting the pressure transducers
from high temperature test flow by filling a 6 mm thick sil-
icone gel in the recess mount cavity. However, the steady
reservoir condition continues for about 3.5 ms.

Two low-enthalpy conditions were tested, the initial
conditions and free stream parameters of which are pre-
sented in Table 1. The free stream speed Uy, is limited
but the Reynolds numbers are kept high.

Pitot pressure distributions across the nozzle exit are
shown in Fig. 10: in the case of M, = 8.16 in Fig. 10a;
M, =10.5 in Fig. 10b with the throat diameters of 33
mm and 16 mm, respectively.

4.2 Results of downstream operation mode

Due to the Taylor rarefaction waves and viscosity and heat
conduction along the shock tube wall, the primary shock
wave attenuates from the beginning of propagation. Fig-
ure 11 shows the relationship between My and Py;/P; for
both downstream mode and upstream mode. Comparing
the result of upstream mode with downstream mode, even
though we can see significant shock attenuation in the
downstream mode, the Py;/P; which creates the identical
M, value is only 10% of that in the case of upstream op-
eration mode, especially for high M values. For example,
at identical My ~ 9, the Py; /Py =~ 30, but in the upstream
mode P4i/P1 =~ 300.
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Fig. 12a,b. Typical experimental pressure histories in the
shock tube under downstream operation mode

The attenuation mechanism is different depending on
Py; /Py values. For Py;/P; lower than 50, the incident
shock attenuation is caused mainly by the overtaking of
rarefication waves. For Py;/P; higher than 50, the shock
attenuation is attributable to the effect of viscosity and
heat conduction, and the region behind shock waves be-
comes stable after a certain propagation distance.

Typical pressure histories in the shock tube in down-
stream operation mode are shown in Fig. 12: for Py /Py
= 100 in Fig. 12a; and Py;/P; =9 in Fig. 12b.

In Fig. 12a for a strong shock, the arrival of the rarefac-
tion wave is delayed. At the earlier stage, the expansion
tail matches with the interface, the pressure behind the
shock wave increases slightly as seen in “c” in Fig. 12a.
With propagation, the pressure behind the shock wave
becomes uniform as seen in “e” in Fig. 12a, whereas the
Mach number decreases from 12.94 to 11.22.

Balanced by the expansion tail and the Taylor rarefac-
tion wave, the plateau post-shock pressure appears at first,
then decreases gradually as seen in “c” in Fig. 12b. The
incident shock overtaken by the Taylor rarefaction wave
is attenuated with propagation as seen in “e” in Fig. 12b.

Typical stagnation pressure and pitot pressure his-
tories obtained in the downstream operation mode are
shown in Fig. 13, in which the test condition is over-
tailored, and the initial condition and free stream param-
eters are shown in Table 2.

The data deduction carried out only by pitot pres-
sure measurements is not enough to validate the real flow
condition, other measures such as heat-flux measurements
and spectrum analysis are necessary to fully detect the
flow characteristics, which were already reported in [7].
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Fig. 13a,b. Pressure histories under downstream mode a
reservoir pressure histories, b pitot pressure histories

Table 2. Initiation conditions and free stream parameters

Py; H>/O02 P Ho M, Usx Re
MPa MPa MJ/kg m/s 1/m
3.5 4 22.1 14.3 10.7 4860 1.7x107

The amount of transducers consumed during the test
is high, few are working normally at last. However, the
pitot pressure distribution across the nozzle exit is shown
in Fig. 14. The uniform nozzle flow diameter is nearly
350 mm.

A new method for bursting metal diaphragms is to
ignite two initiation tubes separately in a time controlled
fashion, in which a delay circuit is used. As the electrical
current needed for igniting the explosion wire is intense, a
problem focuses on the calibration of the interval precision
within 50 us. The broken diaphragms are shown in Fig. 15,
which clearly shows no fragments produced during their
rupture.

5 Conclusion and perspectives

The detonation driven shock tunnel was installed at LHD,
in which both the downstream operation mode and the up-
stream operation mode were examined to generate high-
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Fig. 15. Broken diaphragms with two initiation tubes

enthalpy flows. The former was ten times stronger than
that of the latter in driving power to generate the high-
enthalpy test flow, also the primary shock wave attenua-
tion is little serious but on sufferance.

For the downstream mode operation, due to the Tay-
lor rarefaction waves, the primary shock wave decays se-
riously when Py;/P; is low. But when the Py;/P; value
exceeding 50 with the convergent section connected near
the primary diaphragm, high-enthalpy test flows were gen-
erated. The high-enthalpy condition with 22 MPa stagna-
tion pressure and 14 MJ/kg stagnation enthalpy was ob-
tained, which also generated a 4.8 km/s free stream and
a test time of about 3.5 ms. The detonation driven shock
tunnel performance would be improved significantly by in-
creasing the initial pressure Py; and keeping high Py;/P;.

The upstream detonation driven shock tunnel is advan-
tageous for generating low enthalpy test flows. At 3.5 MPa
initial pressure in oxy-hydrogen mixture, the reservoir
pressure of more than 60 MPa was obtained, and the flow
field was relatively uniform.

By using a specially designed delay circuit, a new
method to break the diaphragm was developed, whose
performance was validated in the downstream detonation
driven shock tunnel.

It is concluded that the detonation driven shock tunnel
can be a useful ground test facility for the simulation of
hypersonic flights at either a high-enthalpy condition or a
high-Reynolds number.
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