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Abstract A chemical shock tube driven by a detonation
driver is described in the present paper. This shock tube can
produce a single controlled high-temperature pulse for stud-
ies of gas-phase reaction kinetics, but the difficulty associ-
ated with the timing for the rupture of diaphragms in the
conventional chemical shock tube is overcome, because the
detonation wave in the driver section can be predicted cor-
rectly and shows a good repeatability. In addition, this shock
tube is capable of providing higher temperature conditions
for the test gas than the conventional high-pressure shock
tube, owing to the inherently high-driving capability of the
detonation driver. The feasibility of this shock tube is exam-
ined by numerical simulations and preliminary experiments.

Keywords Shock tube - Detonation driver - Chemical
kinetics study

1 Introduction

Experimental studies of reaction kinetics at high tempera-
tures usually require that the test gas is heated rapidly to a
desired temperature and pressure, to remain at this reaction
condition for few milliseconds, and then to be cooled down
so quickly that the reaction in the test gas is frozen, i.e., the
studies require that the test gas is processed by a single con-
trolled high-temperate pulse. In a conventional shock tube,
the test gas can be heated rapidly by the incident or reflected
shock and cooled by the expansion wave generated from the
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tube end or shock-interface interaction. The reaction tem-
perature and testing time can be controlled by the operating
parameters. The conventional shock tube thus should meet
the essential demand of experimental kinetics study of reac-
tions at high temperatures. Early in the 1950s, a number of
investigations of chemical kinetics were carried out by use
of conventional shock tubes [1,2].

However, in a conventional shock tube (Fig. 1a), there
are repeated reflections of the shock wave that subject the
test gas to a series of temperature pulses (Fig. 2a). Although
the amplitude of the temperature pulses decays gradually,
the complex temperature history causes difficulties in subse-
quent chemical analysis and decreases the reliability of the
obtained experimental data, so that the value of conventional
shock tubes for chemical kinetics investigations is limited.
In order to solve this problem, Glick et al. [3] developed a
chemical shock tube (Fig. 1b) by adding a large, evacuated
tank separated by an auxiliary diaphragm from the driver
section. This tank serves to absorb the reflected shock wave
from the end of the driven section, so as to prevent the reactant
gas from being reheated (Fig. 2b). The expansion wave that is
generated by the rupture of the auxiliary diaphragm is respon-
sible for cooling the test gas. The testing time at high temper-
ature and the cooling rate of the test gas are dependent on the
time interval between the rupture of the two diaphragms. It
is only when the rupture of the auxiliary diaphragm and the
arrival of the head of expansion wave that was generated by
the rupture of the main diaphragm take place simultaneously
that the maximum testing time and cooling rate are achieved
at the same time [3]. This shock tube is impeccable in prin-
ciple, but it is not easy to precisely control the time interval
between the rupture of the two diaphragms in practice.

Another shock tube suitable for chemical kinetics stud-
ies is proposed by Lifshitz et al. [4], as shown in Fig. lc.
This shock tube is characterized by a dump tank attached
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Fig. 2 Temperature histories of the test gas in conventional and chem-
ical shock tube

to the driven section close to the diaphragm, which serves
to weaken the strength of a reflected shock wave when it
sweeps past the opening to the dump tank and back again.
The expansion wave that cools the reactant gas is generated
by the interaction between the reflected shock wave and gas
interface, which may produce higher cooling rates than the
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reflected expansion wave from the driver section. Compared
with the chemical shock tube proposed by Glick, the one
proposed by Lifshitz has a simpler structure, better repro-
ducibility and more convenient operation because of having
only one diaphragm, so it is now widely used. However, it
cannot eliminate completely the reheating pulse [5], and the
behavior of the incident shock wave is more or less influenced
by the dump tank.

In the present article, a chemical shock tube driven by a
detonation wave is proposed, aiming to overcome the prob-
lem associated with the rupture of two diaphragms that was
encountered in the shock tube proposed by Glick. In addi-
tion, it is expected that higher temperature conditions for the
test gas can be obtained with this shock tube to meet the
demand of some chemical kinetic studies, such as ioniza-
tion-recombination kinetics experiments. Several aspects of
this shock tube are considered here. First, the concept of this
shock tube is introduced. Then, the operating conditions and
some limitations of this shock tube are discussed. Finally,
the feasibility of this shock tube is examined by numerical
simulations and preliminary experiments.

2 Detonation driver

The detonation driver, first proposed by Bird [6], has been
studied by several investigators [7-9]. Nowadays, it is widely
used for shock tubes and tunnels producing high enthalpy
flows for aerodynamic testing [10].

Assuming that a closed straight tube is filled with a deton-
able gas and that a detonation wave is initiated at a closed end
which propagates toward the other end, the flow state behind
the detonation wave, in terms of the Chapman—Jouguet deto-
nation theory (C—J theory) and the Taylor similarity law [11],
can be depicted qualitatively as shown in Fig. 3. The unburnt
gas is compressed by the leading front of the detonation wave
and releases energy, resulting in the gas pressure, tempera-
ture and speed rising abruptly to the C-J values. Simulta-
neously, a Taylor expansion develops behind the detonation
wave in order to match the closed-end boundary condition,
by which the burnt gas is gradually decelerated to a stationary
state with constant and uniform properties. If a driven section
filled with a test gas is connected to the right of the detonation
tube, a detonation-driven shock tube is obtained, in which the
stationary gas at high temperature and high pressure is the
effective driver gas.

Because the gas flow behind the detonation wave is a sim-
ple wave flow, the effective pressure of driver gas P, and
sound speed of driver gas a. for the detonation-driven shock
tube are related to the C—J values by (see Appendix A)
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where subscript CJ denotes the C—J state, Vp is the speed of
the detonation wave and yp is the ratio of specific heats of
the gas behind the detonation wave.

3 Detonation-driven chemical shock tube
3.1 Wave process in detonation-driven chemical shock tube

When a detonation driver is introduced into the chemical
shock tube, the arrangement is similar to the one proposed
by Glick, as shown in Fig. 4, but the wave processes are a
little different. The wave process in a detonation chemical
shock tube can be described as follows. Direct initiation at
the main diaphragm leads to a stable detonation wave in the
driver section, behind which the products are at high tem-
perature and pressure. Shortly after initiation, the main dia-
phragm ruptures and the detonation products exhaust into the
driven section, driving the incident shock wave which com-
presses and heats the test gas. Because the effective driver
gas is always the stationary gas, which is defined by the char-
acteristic labeled e in Fig. 4, with constant thermodynamic
properties, the incident shock wave acts in the same way as
in a conventional shock tube. On arriving at the auxiliary
diaphragm, the detonation wave ruptures it and an expan-
sion wave is generated, which serves to weaken the reflected
shock wave and can be used to cool the test gas. After entering
into the dump section, the detonation wave and the reflected
shock wave are mostly trapped within it. Therefore, the test
gas can be heated by a single pulse.

From the wave process described above, it can be found
that the detonation-driven chemical shock tube conforms to
the same principle of preventing the gas from being reheated

Igniter
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Fig. 4 Schematic diagrams of the detonation-driven chemical shock
tube and wave diagram

as Glick proposed. But the two diaphragms are ruptured in
rapid succession by the detonation wave itself, and the time
interval between the events depends on the detonation speed
and the driven section length. Since the detonation speed
can be predicted correctly and shows a good repeatability
[12], it can be anticipated that the detonation-driven chemi-
cal shock tube not only preserves the advantage of the shock
tube proposed by Glick, but also overcomes the difficulty of
the timing for the rupture of the two diaphragms.

3.2 Expansion waves for cooling the test gas

In a chemical shock tube, both the expansion wave from the
end of the driver section and that from the shock-interface
interaction can be used to cool the test gas. The former is usu-
ally used for the shock tube proposed by Glick [13], which
means the shock tube needs to be operated at tailored condi-
tions that are achieved when

as _ a
\/V3 [13— 143+ 1D Psy] \/V2[72—1+()’2+1)P52]
(2a)
and
3y — DHMZ—2(y — 1
Poy — Gy — 1) Mg =1 (2b)

n—1HMZ+2

where a is the sound speed and y is the specific heat ratio.
Subscript 2 denotes the driven gas behind the incident shock,
subscript 3 the cooled driver gas and subscript 1 the test gas,
and Mg is the Mach number of the incident shock. The tai-
lored condition is suitable for providing long testing times,
due to the absence of the disturbance from the interface.

The latter is usually used for the shock tube proposed by
Lifshitz [13], which means that the shock tube needs to be
operated at under-tailored conditions, that is
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The greater the difference between the value of the left side
and right side in the above equation, the greater is the devi-
ation from the tailored condition, and a stronger expansion
wave is generated when the reflected shock meets the gas
interface. The under-tailored condition is suitable for produc-
ing high cooling rates for the test gas, because of the shorter
travel distance of the expansion wave. But the decrease of
the test gas temperature is restricted by the strength of the
expansion wave.

The criteria above also define the highest achievable tem-
perature of the test gas for a certain chemical shock tube. For
example, for H, driving air at room temperature, the inci-
dent shock Mach number for tailored condition is about 6.02.
This means the highest temperature of air without suffering
reheating caused by the shock wave from the shock-interface
interaction is less than 4000 K. To achieve a higher-temper-
ature condition, a higher sound speed of the driver gas is
necessary.

For the proposed detonation-driven chemical shock tube,
the principle of cooling the test gas is the same as that for the
shock tube proposed by Glick and Lifshitz, namely, utilizing
the expansion wave from the end of the driver section and that
from the interface to cool the test gas. But a wider tempera-
ture range of the test gas can be obtained, because the sound
speed of the driver gas for a detonation driver can be much
higher than that of a conventional high-pressure driver [8, 10].
According to its applications in high-enthalpy shock tunnels
[10,12], for the detonation-driven chemical shock tube, it is
possible to reach temperatures of the test gas up to 6000 K
for pressures of a few to several hundred atmospheres.

4 Operating condition
4.1 Optimum condition

As mentioned above, when the shock tube operates at under-
tailored condition, an expansion wave is generated by the
shock-interface interaction. If the test gas is cooled only by
this expansion wave, for some conditions the decrease of
temperature may not be enough, especially at near-tailored
conditions. To achieve a sufficiently low temperature, it is
necessary to cool the test gas by the expansion waves from
the interface and from the auxiliary diaphragm jointly. To
match this condition, the interface (line OC), the reflected
shock (line SC) and the head of the expansion wave (curve
DRC) starting from the auxiliary diaphragm station need to
intersect at the same location, as shown in Fig. 4. In the pres-
ent article, the above condition is defined as the optimum
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Fig. 5 Detonation speed and specific heat ratio versus concentration
of helium or argon in a stoichiometric oxyhydrogen mixture, initial
conditions 771 =295 K, P; = 0.1 MPa

condition. Based on the C—J theory and the shock tube the-
ory, the relation of the operating parameters of the detona-
tion-driven chemical shock tube for the optimum condition
can be expressed as follows (see Appendix B)

Ly~ —Vp Gyi—DMi+3 -y
Ly 2a1 Mg 2)/1M§—)/1 +1

yp+!
y o+ 1 | 2a) (yp — 1) M —1Y)|*mD
2yp Vo1 +1) Ms
3)

where L4 and L; are the lengths of the driver and driven
section, respectively, a; is the sound speed of the driven gas
and Vp is the velocity of the detonation wave in the driver
section (Vp < 0), respectively. y; and yp are the ratios of
specific heat of the test gas and the detonated driver gas, and
Mg is the Mach number of the incident shock, which can be
determined by [14]

P, ( 2y, J/l—l)
e _ M -
P y1+1 y1+1

1 1 \7m-1
x [1 G (Ms = —)} 4)
1+ 1ae Ms

where P, and a. are the effective pressure and effective sound
speed of the driver gas, and Pj is the initial pressure of the
test gas.

The strength of the incident shock is usually determined
by experimental demands and often needs to be changed in a
certain range. Equation (4) indicates that there are two ways
for changing the strength of the incident shock for the opti-
mum condition—modifying the condition of the test gas P;
and aj or adjusting the detonation speed, which together with
the initial pressure P4 determines the effective pressure P,.
The latter can be fulfilled by adjusting the initial composition
of the driver gas, based on the fact that the detonation speed
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Fig. 6 Incident shock Mach numbers versus length ratios L4/L1 for
different driver gases and optimum condition

and the chemical state of the gas after detonation depend
strongly on the initial composition but slightly on the initial
pressure [12].

For a mixture of Hy and O,, which is often used as the ini-
tial driver gas in the detonation driver, heliumis usually added
to achieve a high detonation speed, whereas argon dilution
yields a low one. According to practical detonation initiation
limits, the dilution with helium or argon to the stoichiom-
etric oxyhydrogen mixture is limited to 65 % by volume
[12]. Within this limit, the detonation speeds and the ratio
of specific heat of the gas after detonation for the stoichiom-
etric oxyhydrogen mixtures diluted by the helium or argon
are calculated by using the chemical equilibrium program
STANJAN [15] and presented in Fig. 5. From this figure and
Eq. (3), it is easy to determine the relation between the inci-
dent shock Mach number and the length ratio L4/L1 for the
optimum condition for a given test gas, as shown in Fig. 6,
where the test gas is air at 295 K with a constant specific heat
ratio y; = 1.4. Figure 6 indicates that for the optimum condi-
tion, the incident shock Mach number decreases as the length
ratio L4/ L1 or the argon fraction increases, and increases as
the helium fraction increases.

Since the lengths of driver and driven section for a shock
tube are usually fixed in practice, it is obvious that adjust-
ing the initial composition of the driver gas to change the
strength of the incident shock is more preferable and practi-
cable. However, in this case the range of the strength of the
incident shock is limited. For example, as shown in Fig. 6, if
the length ratio is L4/L1 = 0.6, for the optimum condition
the maximum incident shock Mach number is 4.41 for a mix-
ture of 2H, + O; + 5.5He as driver gas, and the minimum
value is 2.33 for a mixture of 2H, + Oy 4+ 5.5Ar.

4.2 Tailored condition

The detonation-driven chemical shock tube can also be oper-
ated in the tailored condition, which is widely used in shock
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Fig. 7 Incident shock Mach number versus concentration of helium or
argon dilution for stoichiometric oxyhydrogen for tailored conditions
in a detonation-driven shock tube

tunnels to achieve a long testing time. In this case, the test
gas is solely cooled by the expansion wave resulting from the
auxiliary diaphragm. For the detonation-driven shock tube,
the variations of the incident shock Mach number with the
concentration of the helium or argon dilution for stoichiom-
etric oxyhydrogen for the tailored condition are calculated
based on Eq. (2) [16], as shown in Fig. 7. As for the con-
ventional shock tube, for achieving the tailored condition,
the strength of the incident shock can be adjusted by the
initial composition of the driver gas. But it is particularly
worth noting that there exists a lower limit for the incident
shock Mach number for the tailored condition, in contrast to
the absence of this limit for conventional shock tubes. This
means the proposed chemical shock tube cannot provide long
testing times for the test gas at low temperatures. This means
that this shock tube configuration is not suitable for chemical
kinetic studies that require low temperatures and long testing
times simultaneously, such as ignition delay time studies at
low temperatures.

In practice, it is inevitable that for certain cases the shock
tube operates in off-design conditions, which deviate from
the optimum condition. The consequences of this will be
discussed in the following.

5 Numerical simulations

To validate the concept of the chemical shock tube driven by a
detonation and to better understand its wave process, numer-
ical simulations were conducted utilizing the code developed
by Li et al. [17]. This numerical method is based on a one-
dimensional chemical nonequilibrium flow model, in which
a dispersion controlled dissipation scheme [18] is adopted to
solve the Euler equations, and the two-step chemical reaction
model modified by Sichel et al. [19] is adapted to describe
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Table 1 Initial test gas pressures, and ideal and numerically computed
shock Mach numbers

P (kPa) M; M,
Case 1 8.3 4.71 4.66
Case 2 0.68 8.91 8.61
Case 3 3.70 5.94 5.79
Case 4 12.5 4.16 4.13

the detonation process in the driver gas. For simplicity, in
the present paper the detonated driver gas and the test gas
are assumed to be chemically frozen, which will not be of
significant influence on the wave processes in most of the
cases [17].

To examine the possible wave processes in the chemical
shock tube driven by a detonation, four cases have been sim-
ulated with the code mentioned above. Case 1 corresponds
to a optimum condition, and case 2 to the tailored condition.
Cases 3 and 4 represent two conditions deviating from the
optimum condition.

In all cases, the shock tube is considered as a constant cross
section configuration, where the driver and driven sections
are 0.4 and 1.0 min length, respectively. The damping section
is assumed to be long enough that the reflected waves from
its end wall are neglected. Air is considered as test gas and a
mixture of 2H, 4+ O» as driver gas. The initial temperature for
all gases is 295 K and the initial driver gas pressure is fixed at
P4; = 0.1 MPa. The desirable conditions are obtained by the
change of the initial test gas pressure Pj according to Egs. (1),
(3) and (4), with Vp = —2842 m/s, Pc; = 1.9 MPa, yp =
1.22 and y; = 1.4. The initial pressures of the test gas, as
well as the ideal and numerically computed incident shock
Mach numbers (M; and M.) for the four cases are listed in
Table 1.

For all cases, the ideal incident shock Mach number is
slightly greater than the numerical value, and the disagree-
ment between them tends to increase as the incident shock
Mach number increases. This is mainly because the gases are
in thermodynamic equilibrium (specific heat ratio depends on
temperature) for the numerical simulations in contrast to the
ideal flow.

The wave processes in the chemical shock tube are obvious
by the computed x— diagrams representing iso-density lines,
as shown in Fig. 8. From these figures, it is found that in all
cases the wave processes are similar before the interactions
of the reflected shock, interface and the expansion wave from
the auxiliary diaphragm. The essential differences in the four
cases mainly lie in the relative locations at which the waves
intersect.

In case 1, after processing the test gas, the reflected shock
interacts with the interface and the head of the expansion
wave from the auxiliary diaphragm at almost the same loca-
tion (Fig. 8a). This shock-interface interaction generates two
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waves. One is a transmitted shock wave, which propagates
through the driver gas and the other is an expansion wave,
which merges with that from the auxiliary diaphragm and
propagates through the test gas. In this case, the test gas is
cooled by this merged expansion wave. The pressure history
at the end of the driven section is presented in Fig. 9a. At first,
the arrival of the incident shock results in a pressure jump,
then the pressure remains at a constant value until the arrival
of the head of the merged expansion wave, and finally the
pressure decreases monotonously to a low level. The wave-
form obtained in this case confirms that the test gas is heated
by a desirable single-pulse wave if the shock tube operates
in the optimum condition. The achieved testing time of 0.2
ms, of course, also results from the length of the driver and
driven section, which in this case amounts to 0.4 and 1.0 m,
respectively. The useful testing time increases with increas-
ing length of the shock tube parts.

In case 2, because the shock tube operates in the tailored
condition, the reflected shock passes through the interface
leaving behind only a Mach wave, which does not perturb
the uniform state of the test gas, and the interface is abruptly
brought to rest by this interaction (Fig. 8b). The uniform
state of the test gas persists until the arrival of the head of
the expansion wave from the auxiliary diaphragm, so that a
longer testing time is observed. But in this case, the rate of
pressure decrease and therewith the cooling rate is lower in
contrast to the last case, as shown in Fig. 9b. This result is
consistent with the discussion in Sect. 4.

In case 3, the reflected shock meets the interface prior to
the arrival of the head of the expansion wave from the aux-
iliary diaphragm (Fig. 8c), the consequence of which is that
the test gas is cooled by the expansion waves from the inter-
face and the auxiliary diaphragm separately with a high and a
low cooling rate. As Fig. 9c shows, at approximately 0.8 ms,
a weak pressure increase with subsequent decrease occurs
caused by the interaction of the interface with the reflected
shock. This is in contrast with the smooth decrease for the
first two cases. According to the discussion in Sect. 4.1, to
relieve or avoid this situation, it is required to shorten the
driver section or increase the detonation speed if the strength
of the incident shock is fixed.

In case 4, the interface is overtaken by the head of the
rarefaction from the auxiliary diaphragm before intersecting
with the reflected shock wave (Fig. 8d). As a result, part of
the test gas is cooled by the expansion wave before it can be
heated by the reflected shock wave. At the end of the useful
testing time, the initial rate of the pressure decrease is less
compared to cases 1 and 3, as shown in Fig. 9d, but the fea-
ture of a single pulse remains. This behavior can be relieved
or avoided by lengthening the driver section or decreasing
the detonation speed.

The wave processes examined in the four cases represent
the majority of cases that may occur for a detonation-driven
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Table 2 Operating conditions

10m

4m XK

Driver section

Driven section

Composition Pressure (MPa) Temperature (K) Composition Pressure (kPa) Temperature (K)
Condition 1 2H; + Oy 0.08 292 Air 7.0 292
Condition 2 2H, + Oy + Ny 0.08 291 Air 9.9 291

Fig. 11 Experimental pressure
histories for two runs for
condition 1

p (MPa)

2.0

p (MPa)

2 4 6 8 10
t (ms)
(a) Position A

chemical shock tube. As far as the wave process is concerned,
the influence of the detonation speed of the driver gas and
the length ratio L4 /L is similar to that of the strength of the
incident shock, which will not be discussed in detail.

The results achieved by the numerical simulation show
that the detonation-driven chemical shock tube works well
for the optimum and tailored condition. For off-design condi-
tions, the performance of the shock tube degrades. But, con-
ditions slightly deviating from the optimum condition should
be acceptable, because the waveforms obtained for these con-
ditions still remain the features of a single pulse.

6 Experimental results

In order to examine the feasibility of a chemical shock tube
driven by a detonation wave in practice, experiments were
carried out in the Laboratory of High Temperature Gas
Dynamics (LHD), Institute of Mechanics, Beijing, China.
The shock tube consists of a dump section, a driver section
and a driven section, as shown in Fig. 10. The driver sec-
tion is 4.05 m long and 224 mm in diameter. The driven
section is 10.2 m long and 224 mm in diameter, and the
dump section is 17 m long and 500 mm in diameter. Both
the main and the auxiliary diaphragm are 0.2 mm thick and
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t (ms)
(b) Position B

made from Terylene, which is sufficient because the initial
pressure differences across the diaphragms are not large.
An initiation tube is used for igniting the detonable gas.
It is placed perpendicularly to the driver tube, immediately
upstream of the main diaphragm, which ensures that the det-
onation wave is initiated directly [20]. Two pressure trans-
ducers are mounted on the shock tube: transducer A is lo-
cated at the driver section close to the auxiliary diaphragm,
and transducer B is located at the end wall of the driven
section.

Experiments were conducted for two different operating
conditions listed in Table 2, which are expected to satisfy the
optimum conditions defined in Sect. 4.1. The dump section
was evacuated to a pressure of approximately 50 Pa before
each run.

The experimental results for two runs of each condition
are presented in Figs. 11 and 13, which show that the repeat-
ability is very good. The experimental Mach number of the
incident shock near the end wall of the driven section is 4.40
and 3.88 for conditions 1 and 2, respectively, which is a little
lower than the corresponding ideal value of 4.71 and 3.98.
This is mainly because of dissipative effects due to wall fric-
tion and heat conduction. The measured detonation speed for
the two conditions is 2870 and 2450 m/s, deviating 3 % from
the corresponding theoretical C—J values.
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Figures 11a and 13a show the pressure histories measured
at position A for the two conditions, which agree well with the
corresponding numerical results (Figs. 12a, 14a). The jump
of the pressure is due to the arrival of the detonation wave
and the decrease in results from the combined effect of the
Taylor expansion wave and the expansion wave generated by
the rupture of the auxiliary diaphragm.

The pressure variations measured at position B for the
two conditions are presented in Figs. 11b and 13b, which
confirm that the detonation-driven chemical shock tube can
produce the desired single-pulse wave for chemical experi-
mental studies. The pulse duration for the two conditions is
approximately 1.5 ms. However, compared to the computed
results (Figs. 12b, 14b), it is found that the pulse durations
are a little shorter than in the computations. This could be
because the conditions in which the shock tube was actually
operated slightly deviated from the optimum condition due to
the attenuation of the incident shock. Therefore, the interface

é é llO 1l2 llél
t (ms)
(b) Position B

is overtaken by the head of the rarefaction wave from the aux-
iliary diaphragm before interacting with the reflected shock
wave, as discussed for case 4 in Sect. 5. In addition, the
rate of the pressures decrease in the experiments a little less
than that in the computations, which is attributed to the dif-
fuse character of the interface that weakens the expansion
wave.

The initial cooling rate of the test gas is one of the most
important parameters for the chemical shock tube, because
it is the critical quantity that determines the smallest acti-
vation energy for which a reaction can be quenched [21].
Figure 15 shows the computed temperature histories at the
end wall of the driven section, from which the cooling rates
of the test gas are determined. The initial cooling rate is about
0.41x 10°K/s att = 8.0 ms for condition 1,and 1.1 x 10° K/s
att = 9.6 ms for condition 2, which is equivalent to the value
of 0.5-1.0 x 10° K/s available from the chemical shock tube
proposed by Lifshitz [13].
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Fig. 15 Computed temperature 3000 3000
histories at the end wall of the
driven section
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These experimental results also demonstrate that the
adjustment of the composition of the initial driver gas to vary
the strength of the incident shock to achieve the optimum
condition is a practicable method for the detonation-driven
chemical shock tube.

7 Conclusion

A chemical shock tube driven by a detonation driver is pro-
posed in the present paper. This shock tube conforms to
the principle of producing single high-temperature pulses,
as proposed by Glick, but the difficulty associated with the
timing of the rupture of the two diaphragms is avoided. More-
over, this shock tube is capable of providing higher temper-
ature conditions for chemical studies than the conventional
high-pressure shock tube without loss of the feature of a sin-
gle pulse.

It is preferable that the shock tube operates in the opti-
mum condition or tailored condition to achieve the desirable
conditions for chemical studies. The former is suitable for
producing high cooling rates for the test gas, whereas the
latter is suitable for long testing times. These conditions can
be achieved by modifying the length ratio of driver to driven
section or adjusting the initial composition of the driver gas.

There are also some limitations for this shock tube for
chemical studies compared to existing chemical shock tubes.
It is difficult for this shock tube to provide long testing times
for the test gas at low temperatures, because it cannot be
operated in tailored conditions for weak incident shocks. In
addition, in some cases the driver gas may have influence on
the reaction products, because it consists of the burnt products
after detonation instead of usual noble gases as in conven-
tional or other chemical shock tubes. The aim of the paper is
to present and to discuss this new concept of utilizing a deto-
nation-driven shock tube for chemical studies from the point
of view of the shock tube process. Therefore, until now there
are no chemical kinetic experiments being conducted with
this chemical shock tube. From the proven capabilities of

@ Springer

t (ms)
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this method, it is expected that the technique will be applied
in the near future for chemical kinetic studies. Based on these
results, its flexibility and capability then need to be evaluated
further.

Appendix A: Effective conditions of the detonation driver

Based on the Chapman—Jouguet detonation theory [11], if
a detonation wave travels from the right to the left in a
tube (Fig. 3), and the initial pressure of the detonable gas is
neglected, the C-J sate is given by

po Vi3
Pey = —P2— (a.1)
p+1)
Vb
ucy = a.2
cJ — (a.2)
Vb
agy = — 2220 (a.3)
o+ 1

where Pcj, ucy and acy are the C-J pressure, flow velocity
and sound speed, Vp is the detonation velocity with Vp < 0
in this case, pg is the initial density of the detonable gas,
and yp is the ratio of specific heat of the gas after detona-
tion. The accuracy of the above equations is sufficient for the
estimation of the conditions in the detonation driver section.

The effective driver gas of the detonation driver is the gas
decelerated to velocity zero by the Taylor wave (simple wave)
from the CJ state. Hence,

2 2
lae:MCJ+

Ue +

1 acy (a.4)

where u. and a. are the flow velocity and sound speed on
the characteristic e in Fig 4. From the above equations and
using u, = 0, the effective sound speed of driver gas a. can
be expressed by

Vb

> (a.5)

ae =
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From the isentropic relation, the effective pressure of driver
gas P, is given by

as \ -1
Pe= Pcy | —
acy

Appendix B: Optimum condition for the chemical shock
tube driven by detonation

(a.6)

The detonation wave (line OD in Fig. 4) travels at a constant
velocity Vp towards the upstream end of the driver section,
the equation of which in the (x, 7) plane is thus

x = Vpt(x = —Ly) (a.7)

where L4 is the length of the driver section.

The head of the expansion wave originating at the auxil-
iary diaphragm station (curve DR) travels at the local speed
of sound relative to the flow in the region between line OD
and line OR. This is a simple wave region; the equation of
the head of the wave is

dx n @8)
—=u+a a.
dt
and
u—a=%(>"w
! (_t ) 2 R %)) (39)
u+ T4 = UC) + JBoT4C = 5o

where u is the flow velocity and a is the local sound speed in
the region between line OD and line OR. Based on Eq. (a.9),
Eq. (a.8) can be written as

dx 3 - -2V
& pa=2TDE D (a.10)
dr w+1lt w41
Integrating the above equation results in
-V 3-vp
x=—"2 ¢ (a.11)
D —
where ¢ is an integration constant. The condition to deter-
mine this constant is x = —Ly4, t = —Ly4/Vp. Hence, the
equation of curve DR can be expressed as
3=
-V —Vpt) m+t
x= 2 g (2R (a.12)
w—1 -1 Ly

The tail of the expansion wave produced by the rupture of
the main diaphragm (line OR) moves with a constant velocity
in the opposite direction to the incident shock. The equation

of the tail of the expansion wave is
x=(u3—a3)t (a.13)

where u3 and a3 are the flow velocity and local sound speed
in region 3 (between line OR and line OC). With the relation

for a right running characteristic in the simple wave region

2 2
ae =
yp — 1 yp — 1

az + us (a.14)

and Eq. (a.5), Eq. (a.13) can be written as
Wb (Mz— 1)
()

(a.15)

where M3 = u3/a3, which is given by [14]

@ n+DMs  yp—1
T e 2(M2 =) 2

_ |:_VD (ri+DMs  yp — 1] (@.16)

| 24 2(M3 —1) 2

where y is the ratio of specific heat of the test gas, My is the
Mach number of the incident shock and a; is the initial speed

of sound of the test gas.

The point R (xg, tg) at which curve DR and line OR inter-
sect is obtained by identifying (a.15) and (a.12), which results
in

yp+1
— —1 1)
Ly w—1 1 1+VDTM3 2(rp-1)
XR = 7(M3—1)(1+ ) M3) TS

yp+1

Ly 1+VDT*1M3 2(p-1)

R=p\ T
2yp

In region 3, the head of the expansion wave originating
at the auxiliary diaphragm (line RC) moves at a constant
velocity, the equation of which is

x =xg+ (u3+a3) (t —1r) (a.19)

If the driven section is long enough, the contact surface
will be overtaken by the head of the expansion wave from the
auxiliary at point C (x, t.). From the above equations and
using xg = (u3 — az)tr give

yp+1
2Ly (1 + ”DTIM3)2(VD1)

tc = V o (a.20)
2yp

with

Xc = ustc = ustc (a.21)

where u is the flow velocity in region 2 (between line OS
and line OC), which is determined by

2a; (M2 -1
1y = ai (Mg —1)

22
Ms (1 + 1) (@-22)
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The equation for the reflected shock wave (line SC) in the
(x, 1) plane is

3yp—1  3-— 1
x =1L “ + )/1_2
i+l  yi+1Mg
2 —1 3 - 1
=D " | Msart (a.23)
Y1+1 Y1+ 1 Mg

The optimum condition means that the reflected shock
wave also passes through point C (xc,?.). Substituting
Egs. (a.20) and (a.21) into Eq. (a.23) yields

Ly _ —Vp Gyi—DMi+3-y
Ly 2a1 Mg 2)/1M§ -y +1
yp+1
o + 1 2a) (yp — 1) M —1Y)|*mD
2vp VWi +1) Ms
(a.24)
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