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Abstract The high-speed combustible gas ignited by a hot
gas jet, which is induced by shock focusing, was experimen-
tally investigated. By use of the separation mode of shock
tube, the test section of a single shock tube is split into two
parts, which provide the high-speed flow of combustible gas
and pilot flame of hot gas jet, respectively. In the interface
of two parts of test sections the flame of jet was formed and
spread to the high-speed combustible gas. Two kinds of the
ignitions, 3-D “line-flame ignition” and 2-D “plane-flame
ignition”, were investigated. In the condition of 3-D “line-
flame ignition” of combustion, thicker hot gas jet than pure
air jet, was observed in schlieren photos. In the condition of
2-D “plane-flame ignition” of combustion, the delay time of
ignition and the angle of flame front in schlieren photos were
measured, from which the velocity of flame propagation in
the high-speed combustible gas is estimated in the range of
30-90m/s and the delay time of ignition is estimated in the
range of 0.12-0.29 ms.
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1 Introduction

Flame propagation in the high-speed combustible gas was
an important phenomena. The flame propagation in the su-
personic flow of combustible gas was a deep background in
the applications of the supersonic combustion and the det-
onation, especially. Various experimental configurations in
conventional wind tunnel were used to investigate the per-
formance of flame propagation in the supersonic flow of
combustible gas. Comparatively, seldom work on such phe-
nomena in pulsed wind tunnel was conducted. This is due
to the short duration time in pulsed wind tunnel. However,
there are some special merits in the tests of pulsed wind tun-
nel. For example, the temperature of the components of test
section would not be raised high. Although the optical mea-
surement methods through glass windows could be used to
visualize the flowfield, yet it was expensive for a conven-
tional wind tunnel. The flame propagation speed in super-
sonic gas flow was investigated in a combination facilities
of shock tube and shock tunnel [1-3]. That was an effective
method for studying flame propagation in supersonic flow,
but the synchronization of two shock tubes makes the oper-
ation of shock tubes complex. In the present work, a simple
new method of single shock tube was established to investi-
gate the phenomena of flame propagation in the high-speed
flow of combustible gas.

The shock focusing, acting as an ignition method to ig-
nite the combustible gas premixed, has attracted much at-
tention of researchers in recent years, such as the work done
by Borisov et al. [4-9]. Compared to other ignition method,
the ignition by the shock focusing has particular advantage,
which is potential in some special situation. Chan et al. dis-
cussed the effect of shock focusing on the onset of deto-
nation of combustible mixture gas [10]. Up to now, most
of the research works on ignition using the shock focus-
ing were concentrated upon the ignition of quiescent for the
combustible gas premixed. In this paper, the shock focusing
was expected to generate a hot gas jet and to ignite the high-
speed combustible gas, which was different from the other
work.
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Fig. 1 Shock focusing for the ignition of high-speed flow of the com-
bustible gas

2 Basic ideas

For utilizing the shock focusing to ignite the high-speed
combustible gas, two conditions were necessary in the ex-
periments: (1) Shock focusing, acting as the energy source,
to generate the stable hot gas jet; (2) the hot gas jet, acting
as the pilot flame, to ignite the high-speed, combustible gas.
Then, the flame propagation from hot gas jet to high-speed
combustible gas will be established, as shown in Fig. 1.

It is obvious that two primary test parts are needed.
To void the complexity operation of combined facilities of
shock tube or shock tunnel, Han has proposed a new opera-
tion mode of shock tube, i.e., the separation mode of shock
tube, to simulate some phenomena of interaction of com-
plex flows [12]. The separation mode of shock tube is mainly
concerned in this paper and used to simulate the interaction
of hot gas jet and high-speed mixture gas.

The schematic configuration of separation mode of
shock tube is shown in Fig. 2. A shock tube with rectan-
gular cross-sectional area is divided into two parts, upper
channel and lower channel. Upper channel is a straight duct,
which permits planar shock passing through, and the high-
speed flow of combustible gas is induced behind the shock

Driven section Test section of shock tube
Incident shock Upper channel
Split plate
Lower channel

Wedge for shock focusing

+ 5
X X2

Fig. 2 The schematic configuration of shock tube for separation mode

Fig. 3 Schematic operation of separation mode of shock tube

front. In lower channel, a symmetric inner double wedge is
inserted to focus the incident shock. At the end of the lower
channel, the hole or gap is designed to exhaust the hot gas
flow induced by the shock focusing.

When the shock focusing of planar shock in lower chan-
nel appears and the temperature and the pressure in the fo-
cus are proper, the quiescent combustible gas will be ignited.
Then, the combustion products will be exhausted out of the
hole or gap. The pilot flame of hot gas jet is formed. In the
interface location the flame propagates from the hot gas jet
to the high-speed combustible gas. By use of measurement
method of schlieren optical system, the flow pattern and the
phenomena of flame propagation can be observed.

The schematic operation of separation mode of shock
tube is shown in Fig. 3. x; is the place of the start of the
shock focusing in lower channel and x; is the end of the
lower channel. S is the focused shock in lower channel. S,
is the planar shock in upper channel and S;; is the reflected
shock in lower channel. The xR is the right end of shock
tube, and the Sy, is the reflected shock in upper channel.

There are two main test duration times in the whole op-
eration of tests, Aty and At,. Aty corresponds to the test
duration time that shock S arrives the position of the inter-
face of the upper channel and the lower channel, but S, does
not arrive. At corresponds to the test duration time that both
shock in upper channel and lower channel pass through, and
the interaction of hot gas jet and high-speed gas flow takes
place until the reflected shock from the right end wall ar-
rives. In our experiments, Aty is less than 10 us and its in-
fluence on establishment of flowfield can be neglected. The
At is the main duration time of shock tube for the separa-
tion mode, because the distance between x; and xR is long
enough, about 0.8 m.

3 Experimental method and facility

The experiments were conducted in a shock tube with
94 mm x 94 mm rectangular cross-sectional area. The driver
section is 2-m long, driven section is 9-m long and the test
section is 1-m long. The configuration near test section is
shown in Fig. 4.

Two types of models are used to perform the function
of shock focusing, as shown in Fig. 5. In test model 1, the
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Fig. 4 Schematic configuration near test section
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Fig. 5 Two models of shock focusing in lower channel

shock focusing takes place in a 70° inner double wedge, a
6-mm-diameter hole at the apex of inner double wedges is
used to eject the hot gas jet. This model is to realize the 3-D
“line-flame ignition” of high-speed combustible gas. In test
model 2, the shock focusing takes place in an inner single
wedge, the hot gas jet is exhausted out of a gap with 0.5 mm
height and 82 mm width, which is located on the end of inner
single wedge. This model is to realize the 2-D “plane-flame
ignition” of the high-speed combustible gas.

When the test starts, the driven section and test section
of the shock tube are vacuumed to lower pressure, about
6.6 kPa, then a quantity of liquid gasoline is injected into the
test section through a valve installed in the test section. Af-
ter waiting for 5—6 min to insure that the liquid gasoline gets
vaporized fully and gets mixed with air well, some fresh air
is filled in the test section to form air/gasoline mixture and

maintains precalculated fuel/air equivalent ratio and pres-
sure.

In the present tests, the pressure of driver section is about
1.2-1.4 MPa, corresponding to the aluminium diaphragm
with 0.4 mm thickness. By adjusting the pressure of driven
section and test section, the various incident shock Mach
number can be achieved.

As soon as the aluminium diaphragm between the driver
section and driven section is ruptured, an incident shock
wave is formed, which travels through the driven section to
the test section. After the incident shock wave enters into the
test section, it is split into two parts, one moves forwards in
the upper channel and maintains its strength. The premixed
combustible gas of air/gasoline is heated by the shock wave,
but will not be ignited because the temperature behind the
shock front is lower than the ignition temperature. The other
part of shock wave enters into the cavity of wedge in the
lower channel. Because Mach reflection on the surface of the
wedge takes place, the shock focusing occurs when the lead-
ing shock moves forwards to the apex of the inner wedges. If
the temperature behind the shock is high enough, the com-
bustible gas mixed inside the cavity will be ignited by shock
focusing. The ignitions of high-speed combustible gas were
experimentally investigated and compared for two models,
3-D “line-flame ignition” and 2-D “plane-flame ignition”.

4 Shock focusing and ignition by shock focusing
in symmetric, double inner wedge

The shock focusing in the symmetric inner double wedge
was first discussed by Milton [13] in 1989 and was used to
ignited the quiescent, combustible mixtured gas by Gelfand
[7] in 2000.

When a planar shock enters into a symmetric, inner dou-
ble wedge, Regular Reflection (RR) or Mach Reflection
(MR) on the wall may take place according to different wall
angles. It must be noticed that the shock focusing would not
take place in case of Regular Reflection on wall, only ap-
pears in the condition of Mach Reflection on wall [14].

In case of Mach reflection, when a shock enters into
the inner cavity of double wedge, Mach stems on the wall
are generated. With the growth of the Mach stems, the
triple-points from upper wall and lower wall will be col-
lided. Then the initial incident shock disappears and shock
front surface is converted into a non-planar shock which is
composed of two Mach stems. Compared with the original
shock front, the shock is enhanced, and the temperature and
pressure behind the shock front are raised higher. Next, the
shock front with two Mach stems cannot move forwards
stably. A new Mach stem on the center line will be produced
and expanded until its length covers all the cross-sectional
area. In the following sequences, these two situations men-
tioned above will take place alternately and shock will get
strengthened step by step. If the space near the apex could
be infinitesimal, temperature and pressure just behind the
shock front would be raised to infinite theoretically and the
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Fig. 7 Schlieren photo of reflected shock in inner wedge in cases of
non-combustion and combustion

shock focusing would be established (if the effects of real
gas and viscosity are not considered), as illustrated in Fig. 6.

The ignition of quiescent, premixed gasoline/air gas by
the shock focusing in symmetric inner double wedge has
been studied in precious work [11]. The typical results are
shown in Fig. 7. It was compared for the difference of the
flowfield of combustion and non-combustion in the condi-
tion of shock focusing. The effect of ignition by the shock
focusing in inner double wedge was validated. The results
show that the onset of deflagration takes place near the apex
of symmetric inner double wedge and the reflected shock
wave is disturbed.

5 Results and discussion
5.1 Model 1: 3-D “line-flame ignition”

The test model is shown in Fig. 5a. In this model, the en-
ergy source is a hot jet with 3-D “line-flame ignition”, which
comes from the exit hole of inner double wedge.

Typical schlieren photos are shown in Figs. 8 and 9. The
heights of the backward steps, Ak, are 14 mm in Fig. 8 and
17 mm in Fig. 9, respectively. In Figs. 8a and 9a, the shocks

(a) Non-combustion: M, = 1.80, py = 0.0202M Pa,
Th = 301.2K, x = 86%, ltdetay = 910us

Upper channel Shock front
e

Exit of hole =~

(b) Combustion: M, = 1.80, py = 0.0202M Pa,
To = 302.2K, x = 88%, taetay = 910us (¢ = 0.79)

Fig. 8 Test photos of non-combustion and combustion (A% = 14 mm)

(a) Non-combustion: M, = 1.79, pp = 0.0202M Pa,
Ty = 303.2K, x = 57%, tdeiay = 940us

(b) Combustion: M, = 1.80, po = 0.0202M Pa,
To = 303.2K, y = 83%, tdetay = 960us (¢ = 0.79)

Fig. 9 Test photos of non-combustion and combustion (A4 = 17 mm)

are focused, and the jets out of the hole in the apex of cavity
of symmetric inner double wedges were used to heat the air
without burning. In Figs. 8b and 9b, the shock is focused on
the combustible gas. As the combustible gas is ignited, the
hot gas jet is ejected out of the hole in the apex of symmetric
inner double wedge, which can be used as pilot flame. The
parameters of pg, Tp, and x are initial pressure, temperature,
and atmospheric humidity, and ¢ is the fuel/gas equivalent
ratio.

As shown in Fig. 8a with backward step height Ak = 14
mm, the burning does not appear. The pressure and temper-
ature in the cavity of symmetric inner double wedges are
lower, and the jet out of the hole is short and thin. The pres-
sure and temperature are raised high shown in Fig. 8b, be-
cause the combustible gas is ignited in the cavity of symmet-
ric inner double wedges. Consequently, the gas jet in con-
dition of combustion displays longer and thicker than that
of non-combustion. Besides, due to flame propagation, the
jet shown in the Fig. 8b displays thicker than that shown in
Fig. 8a.

It must be noticed that the flowfield just behind the lead-
ing shock is unsteady and complex, as a shock diffracts
around a backward step with the interactions of shock wave
and gas jet. If the leading shock moves downwards, the ef-
fect of interactions of unsteady waves diminishes gradually.

Same results can be seen in Fig. 9a and b. Clearly, the
flame of gas jet out of exit of lower channel is observed in
schlieren photos due to flame propagation from the hot gas
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(a) Combustion: M, = 1.79, pp = 0.0202M Pa,
To = 307.2K, x = 68%, tdeiay = 960us (¢ = 0.79),

A - e
(b) Combustion: M, = 1.82, py = 0.0202M Pa,
To = 301.2K, x = 64%, tdectay = 960us (¢ = 1.32)

Fig. 10 Effect of fuel/air equivalent ratio on jet in case of combustion
(Ah = 14 mm)

(a) Combustion: M, = 1.80, pg = 0.0202M Pa,
To = 303.2K, x = 83%, taeciay = 960us (¢ = 0.79)

(b) Combustion: M, = 1.79, pg = 0.0202M Pa,
To = 300.2K, x = 67%, tdclay = 960us (¢ = 1.32)

Fig. 11 Effect of fuel/air equivalent ratio on jet in case of combustion
(Ah = 17 mm)

jet to high-speed combustible gas, which displays thicker
than that of non-combustion. We can also conclude that the
position of jet is raised higher when the height of backward
step is increased.

The effect of fuel/air equivalent ratio on test results are
shown in Fig. 10 (A2 = 14 mm) and Fig. 11 (Ah =
17 mm).

The length of hot gas jet (Ly) with flame propagation in
above tests are shown in Table 1. The range of Ly is 64—
72 mm.

5.2 Model 2: 2-D “plane-flame ignition”
The test model is shown in Fig. 5b. The shock focusingtakes

place in an inner single wedge and the hot gas jet is ejected
from a gap at the exit of lower channel. In this model, the

Table 1 The length of hot gas jet with flame propagation

No. Case (figure) Lj(mm)
1 10a 67.7
2 10b 71.5
3 11a 64.8
4 11b 67.0

High speed gas

(a) Non-combustion: M; = 1.88, py = 0.0187M Pa,
To = 294.2K, y = 61%, tgetay = 1000pus

’*’ e

(b) Combustion: M, = 2.02, pp = 0.0107M Pa,
To = 294.2K, x = 67%, tactay = 1000us, (¢ = 1.1)

Fig. 12 Typical results of non-combustion and combustion in case of
“plane-flame ignition”

flame propagation from the hot gas jet to the high-speed
combustible gas is a 2-D “plane-flame ignition”.

Typical results of non-combustion and combustion are
shown in Fig. 12. The parameters pg, Tp, and x are initial
pressure, temperature, and atmospheric humidity, ¢ is the
fuel/gas equivalent ratio. Because the height of backward
step is small, the position of hot gas jet out of the exit of
lower channel is near the lower wall of test section.

In the non-combustion condition, the gas jet out of the
exit of lower channel flows to downstream straightly, al-
though the interactions of gas jet and wave does appear in
the flowfield exit shown in Fig. 12a. In the combustion sta-
tus, i.e., the combustible gas in the inner single wedge is ig-
nited and exhausted from the narrow gap at the exit of lower
channel. Thus, the pilot flame is obtained and propagated
to the high-speed combustible gas of upper channel with a
certain expansion angle after a short distance in downstream
direction.

Typically, the mechanism of gas jet flame propagating
to the high-speed combustible gas is illustrated in Fig. 13.
The high-speed combustible gas is not ignited immediately
at the exit of narrow gap. The ignition takes place after a cer-
tain ignition delay time. After the ignition, the flame front is
produced in the high-speed combustible gas due to the flame
propagation. The angle of flame front is usually determined
by the velocity of the combustible gas flow and the speed of

Oramt

High speed combustible, %41 Vitame
premixed gas Vius
Ignition delay i
I | fron!
ame
Split [ ! i
[
High temperature

gas flow

Fig. 13 Mechanism of gas jet flame propagating to the high-speed
combustible gas
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(a) Combustion: M, = 2.00, pp = 0.010TM Pa,
To = 294.2K, x = 67%, ldetay = 1000pus (¢ = 0.79)

(b) Combustion: M, = 2.10, py = 0.0097M Pa,
To = 295.2K, x = T0%, tdetay = 1000us (¢ = 1.1)

(c) Combustion: M, = 2.16, pa = 0.0072M Pa,
To = 295.2K, x = T0%, tdetay = 1000ps (¢ = 1.2)

Fig. 14 Results of combustion in case of “plane-flame ignition” with
different incident shock Mach number

flame propagation in transverse direction, that is,

Vﬂame
Vgas

(1

tan (Ofront) =

The test results with different incident shock Mach num-
ber are shown in Fig. 14. It can be seen that the ignition
position is changed as the Mach number of incident shock is
increased.

The data of the delay distance of ignition and the flame
propagation angle are shown in Table 2. According to it, the
delay time of ignition and the speed of flame propagation in
the high-speed combustible gas can be estimated.

Generally, the pressure of the gas in the symmetric inner
double wedge is much higher than that in the downstream
gas flow, therefore the hot gas jet out of the exit of lower
channel is sonic, which is ejected parallel into the supersonic
flow in the test section. From the velocity of gas flow in up-
per channel and the angle of flame propagation, the speed of
flame propagation in the high-speed combustible gas is esti-
mated in the range of 30-90 m/s. The delay time of ignition
is in the range of 0.12-0.29 ms.

Table 2 The delay distance of ignition and flame propagation angle

No. Case (figure)  Ldelay (mm)  Ofron (°)
1 12b 67.7 9.9

2 13a 71.5 12.5

3 13b 64.8 10.7

4 13c 67.0 13.3

5.3 Wave structures near backward step

In the most our tests, the incident shock Mach number is
lower than the critical shock Mach number (M., the shock
Mach number which can induce supersonic gas flow behind
shock front), and the gas flow behind shock front should be
subsonic. But in all schlieren photos of tests, there exist the
wave structures near the backward steps.

When a moving shock runs out of the open end of a tube
to match the pressure condition, a rarefaction wave will be
generated and moving to the upstream of tube. The flow in
shock tube will be accelerated by the rarefaction wave. In
high subsonic situations, the flow can be accelerated to sonic
at the end of tube and to supersonic downstream of the open
end of tube. Figure 15 illustrates the basic flow pattern and
its p—u diagram.

In this paper, same as the above mechanism illustrated
in Fig. 15, unsteady reversed rarefaction waves can be in-
duced, which propagate to upstream and accelerate the gas
flow, when a planar shock propagates around the backward
step. In the condition of high subsonic flow behind shock
front, the gas flow can be accelerated to sonic at the place
where channel suddenly expands. After the backward step,
the steady expansion wave is obtained to accelerate the
gas flow to supersonic. So the downstream flowfield of
the backward step is supersonic, which can be validated by
the wave structures of the flowfield in the visualized scope.
This means that the flame propagation is in the supersonic
flow of the combustible gas. The wave structures near the
backward step are shown in Fig. 16.

Because the flow is accelerated to supersonic, the special
wave structures will be induced in the supersonic flow . In
the flowfield, the shock wave will interact with the jet, the
shear layer, and the vortex. It should be noted that the op-
tical window does not cover the whole cross-section of the

Leading shock

©)
® J
’ 0]
Rarefaction wave
Expansion
wave
u=a
P
@
@ ©)
u

Fig. 15 Flow being accelerated to supersonic while a shock moving
out of an open end in condition of high subsonic gas flow behind inci-
dent shock
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a=0

Subsonic (u<a)
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Supersonic (u>a) | Upper wall

/(\ Triple point  Windows
%
a:,°°°
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=
0.85<M<1.p

Reflected shock

Fig. 16 Wave structure near the backward step in experiment

flowfield. Some part in the upper channel is not shown in the
test schlieren photos, the position of windows is also shown
in Fig. 16.

6 Concluding remarks

1. The separation mode of shock tube in the present work
is successfully applied to investigate the phenomena of
flame propagating to the high-speed combustible gas.
Compared to the other operation modes of shock tubes
(shock tunnel), the separation mode has special merits,
such as the low cost and simple operation.

2. In the combustion of 3-D “line-flame ignition”, the hot
gas jet is shown to be thicker and longer than pure air jet,
in schlieren photos, which is the evidence of ignition of
high-speed combustible gas.

3. In the combustion of 2-D “plane-flame ignition”, the de-
lay time of ignition and the angle of flame propagation
can be observed. The method of 2-D “plane-flame igni-
tion” is more efficient to investigate the phenomena of
flame propagating to the high-speed combustible gas. In
the current work, the speed of flame propagation in the
high-speed combustible gas is estimated in the range of
30-90 m/s, and the ignition delay time is in the range of
0.12-0.29 ms.

4. In the condition of high subsonic gas flow after inci-
dent shock, the flowfield is accelerated to supersonic by
the unsteady rarefaction wave and the steady expansion
wave when a planar shock does propagate around the
backward step. The flame propagating to supersonic flow
of the combustible gas is observed in the experiments.
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