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Abstract. The development of a shock-induced detonation driver for enhancing the performance of a shock
tube is described. The detonation wave is induced by the expansion of helium or air. Various gaseous
fuel–oxidizer combinations are examined. This method produces a detonation wave which propagates
downstream that transitions into a shock wave in the driven section. High-enthalpy flows with a maximum
total temperature of 4200 K and a maximum total pressure of 34 atm in the driven tube are achieved.
The problems of achieving the so-called perfectly-driven mode as well as those of inadequate fuel–oxidizer
mixing are discussed.
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1 Introduction

Historically, a large number of methods have been used to
improve the performance of shock tubes and shock tun-
nels (Warren and Harris, 1970). One method is to fill the
driver section with a light gas such as helium. Another
is to increase the temperature of the driver gas by use of
a heater. In both of these methods, the improved perfor-
mance is achieved by a higher speed of sound than if cold
air is used. In the first case, the speed of sound in helium
is higher than air because of its lower molecular weight.
In the latter, the speed of sound is increased by raising
the gas temperature. The higher sound speed results in a
lower driver-to-driven tube pressure ratio p4/p1 required
to generate a given incident shock Mach number in the
driven tube, or a higher incident shock Mach number for
the same value of p4/p1.

Although both of the abovementioned approaches are
well established, there are a number of disadvantages asso-
ciated with them. Both require high pressure pumps and
plumbing. Helium is expensive and large amounts must be
used to pressurize the driver tube. Helium’s higher specific
heat ratio also reduces the advantages somewhat. If the
driver tube is to be heated, the tube must be designed to
withstand high pressure under high temperatures, adding
to the construction costs. The heater also adds to the cost
and it must be designed to heat uniformly because hot
spots in the driver can cause unpredictable and danger-
ous driver tube failure. Thermal fatigue may, in fact, limit
the useful life of the tube.

For quite some time, the free-piston driving technique,
first proposed by Stalker (1967), has been used to achieve
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some of the highest enthalpies, culminating in the X3 at
the University of Queensland, Brisbane, Australia (Mor-
gan 2000), the HEG in Göttingen, Germany (Hannemann
and Beck, 2002), and the largest known facility, the HIEST
in Kakuda, Japan (Itoh, 2002). The free-piston technique
involves compressing the driver gas by a heavy piston ac-
celerated to nearly sonic speed. The piston compresses the
gas ahead of it to achieve high values of temperature and
pressure. The operation of a free-piston shock tunnel, how-
ever, appears to be complicated, as a massive piston has
to be accelerated rapidly and then must be stopped in a
controlled manner.

Alternatively, a simpler approach to improve the per-
formance of the shock tube uses a detonation driver,
especially by using oxyhydrogen mixtures with helium
dilution. Presently, the enthalpies achieved by detona-
tion driver techniques are lower than those of free-piston
drivers. Nonetheless, a combination of a detonation driver
and an expansion tube has been shown to be capable of
achieving extremely high enthalpies (Chue et al., 2002).

Benefits of using a detonable mixture as the driver gas
are that the detonation achieves a high pressure, a high
temperature, a low specific heat ratio and a high speed of
sound. All of the above features can be shown theoreti-
cally to be capable of producing a high shock Mach num-
ber, thereby improving the shock tube’s performance. A
major drawback, however, is that the gaseous detonation
products have high molecular weight compared to helium.

The initial pressure of the gaseous mixture in a deto-
nation driver is quite low, being a few atmospheres, which
eliminates the need for high pressure equipment. The high
temperature is generated for a very short period so the
driver structure is not exposed to prolonged heating. The
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Fig. 1a,b. Shock-induced detonation driven shock tube: a schematic, b simplified wave diagram for specified geometry (thick
line – shock or detonation wave, thin line – expansion wave, chain line – contact surface)

design is thus reduced primarily to one of pressure con-
tainment. Disadvantages are the dangers involved with
the explosive mixture and, perhaps, the cost of an igni-
tion source. The danger of the explosive mixture can be
reduced by helium dilution. Helium dilution does not sub-
stantially degrade performance. Helium dilution actually
allows control of the temperature generated in the driver.
The molecular weight of the driver gas is reduced by he-
lium addition, which improves performance, thereby mit-
igating the drawback mentioned in the above paragraph.
The addition of helium slightly increases the energy re-
quired to cause a detonation. This enhances safety without
significantly increasing the cost as only a small amount of
helium is used compared to a pure helium driver (Olivier
et al., 2002). Note that argon dilution is highlighted in Lu
et al. (2000).

The detonation driver technique is not new and can
be traced to early research by Bird (1957), and Coates
and Gaydon (1965), amongst others. Due to the afore-
mentioned advantages, the detonation driver has been re-
examined lately. Reviews of recent developments can be
found in Lu et al. (2000) and Olivier et al. (2002). Thus,
only a brief background is provided here. Instead, the pur-
pose of this paper is to report details that were left out
in the reviews, specifically those of the performance of a
shock-induced detonation driven shock tube.

2 Facility development

2.1 Shock-induced detonation principle

The detonation-driven shock tube can be operated in an
upstream or a downstream mode (Lu et al., 2000; Olivier
et al., 2002). In the former, the wave initiation source is
located at the downstream end of the driver near the di-
aphragm. This uses the high pressure gas behind the det-
onation wave to rupture the diaphragm and initiate the

incident shock wave in the driven tube. The inert shock
formed in the combustible mixture develops into a det-
onation after a short induction process. If the initiation
energy of the driver is large enough and the Mach num-
ber of the initiating shock wave is larger than the CJ
Mach number of the combustible mixture, an overdriven
detonation is produced which decays to CJ detonation.
In passing, it may be noted that the issue of direct ini-
tiation is not immediately important in facility develop-
ment unlike the issue of repeatability. Direct initiation and
the issues related to deflagration-to-detonation transition
have been the subject of much study such as, for example,
the recent works by Nettleton (2002) and Thomas and
Bambrey (2002). In our experience, the repeatability of a
shock-induced detonation-driven shock tube is excellent,
being primarily determined by the ability to control the
diaphragm breakage process.

The detonation wave travels upstream and is then re-
flected from the closed end of the driver, generating ex-
tremely high pressures. Care has to be exercised that the
high pressure does not exceed the structural limits of the
driver. For example, a damping tube is used by Yu et
al. (1992) to ensure structural integrity. The upstream
mode yields a more uniform test flow albeit at a lower
enthalpy than that of a downstream mode with the same
initial conditions. In the downstream or forward propa-
gation mode, the gas momentum is available to yield the
extra performance. However, as indicated in the wave di-
agram of Fig. 1b, the Taylor rarefaction following the det-
onation wave in between regions 100 and 400 can produce
a non-uniform test flow.

The non-uniform test flow can be somewhat overcome
by not using an electric igniter but by using a shock wave
to initiate the detonation. For the configuration shown in
Fig. 1a, high-pressure air or helium fills the driver tube,
while a stoichiometric oxyhydrogen mixture fills the det-
onation tube at pressures of 1–9 atm. The driven tube is
filled with the test gas (air, say) at low pressure. Rup-
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turing the double diaphragm causes a shock wave to be
induced in the detonation tube. This shock rapidly transi-
tions into a detonation wave propagating to the right. The
high pressure behind this detonation wave ruptures the
diaphragm separating the detonation and driven tubes,
to initiate flow in the driven tube. A quasi-uniform flow
region 2 exists behind the shock, to be followed by an
expansion region 3.

As mentioned above, the Taylor rarefaction following
the detonation wave can cause a non-uniform “pump-
ing” of the flow in the driven tube. It is possible, in cer-
tain circumstances, to eliminate the Taylor rarefaction,
to produce a so-called perfectly driven mode (Lu et al.,
2000). In the perfectly driven mode, therefore, an ade-
quately steady flow can be obtained. If Taylor rarefaction
exists, the under-driven or weak (in the parlance of det-
onation researchers) mode is obtained. Finally, it is also
possible to have an over-driven (or strong) mode. Unfortu-
nately, the terminology can be confusing between practi-
tioners of shock tunnel techniques and detonation physics
researchers, who use the terms under, perfectly and over-
driven for two different concepts. In this paper, the prac-
tice is that of the former.

2.2 Facility design and performance analysis

The downstream mode was chosen for further develop-
ment due to the higher enthalpies that can be obtained
compared to the upstream mode. TEP,1 a WindowsTM ver-
sion of the NASA CEA2 code (Gordon and McBride, 1976)
is used for design and performance analysis calculations of
the detonation-driven shock tube. This code can be used
for real-gas calculations of gasdynamic processes, such as
Chapman–Jouguet (CJ) detonation waves, and shock tube
performance. A quasi-one-dimensional flow model is as-
sumed, and real gas calculations based on both equilib-
rium and frozen flow models are available. All of the cal-
culations presented in this paper assume equilibrium flow.

TEP is first used to calculate detonation tube per-
formance for stoichiometric oxyhydrogen mixtures for a
range of initial pressures and with different amounts of
helium dilution. A one-dimensional, perfect gas code is
used to calculate the driven-tube pressure ratio p2/p1 and
shock speed us as a function of the shock tube pressure
ratio p4/p1. (Prior comparisons with real gas codes indi-
cate that p2/p1 and us are generally within 5% of real gas
results.) The TEP code is then used to calculate the tem-
perature ratio across the incident shock wave using the
perfect-gas value of us.

Figure 2 displays the predicted performance of the det-
onation driver, with an area reduction of 14.5 (Alpher and
White, 1958). The performance envelope is obtained for a
stoichiometric oxyhydrogen mixture at initial pressures of
1–9 atm and a driven tube filled with air at initial pres-
sures of 0.063–10 atm. The gas temperatures are 300 K.
Also included are the performance maps of cold air and

1 Thermodynamic Equilibrium Program
2 Chemical Equilibrium with Applications

Fig. 2. Calculated performance of the shock tube with a deto-
nation driver and a 14.7:1 detonation-to-driver tube area ratio
(axes are the stagnation conditions in the driven tube)

cold helium drivers, filling the driver tube up to its maxi-
mum rating of 408 atm. Figure 2 shows that the detona-
tion driver enhances the performance of the shock tunnel
very significantly.

3 Facility description

With the promise of enhanced performance, an existing
shock tunnel was modified into a detonation-driven shock
tube as shown schematically in Fig. 1a. The driver sec-
tion has a bore of 152.4 mm and a length of 3.05 m. The
detonation section also has a bore of 152.4 mm but is
2.74 m long. Both tube sections are rated for a pressure
of 408 atm. These two tubes are separated by a double-
diaphragm section. The diaphragms are made from 3.42
or 2.66 mm hot-rolled 1008 steel plates, scored to various
depths in a cross pattern. The scored sides face down-
stream.

The detonation tube has two ports for filling and purg-
ing. Hydrogen and oxygen are injected through separate
lines for safety. The detonation tube is evacuated through
the hydrogen line to 0.02 atm. The hydrogen line is also
used for venting the tube after a run or for purging the
combustible mixture if there is an abort. Helium and purge
air are injected through the oxygen line.

The detonation and driven sections are separated by a
0.35 mm thick mylar diaphragm. A 9 m driven tube with
a 40 mm bore is installed to produce a 14.5:1 area reduc-
tion at the primary diaphragm. The pressure rating of the
driven tube is 188 atm. The test section, is located 3.16 m
from the primary diaphragm location and has an overall
length of 471 mm. It comprises an electrical conductivity
channel 115.9 mm long, with 152.4 mm long lexan insula-
tors and 25 mm thick end flanges on either side. Another
section of the driven tube, 6.12 m long, is installed down-
stream of the test section to prevent wave reflections from
the open end from interfering with the test flow. A 0.35
mm thick mylar diaphragm is inserted at 3.07 m down-
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stream of the test section to contain the initial driven tube
gas.

The filling and purging systems for the driver and
driven tubes are relatively simple since no reactive gases
are used there. Separate vacuum systems are used to evac-
uate these tubes to 0.02 atm. The driver tube is filled to
the desired pressure with either air or helium. In case of
an abort, the tube can be vented. Similarly, the driven
tube is evacuated before being filled with dry air. The
double diaphragm section separating the driver and det-
onation tubes is filled with air at about half the pres-
sure of the driver tube. A run is initiated by releasing
the pressure in the double diaphragm section. This causes
the upstream diaphragm to rupture, which immediately
causes the downstream diaphragm to also rupture. The
high-pressure gas in the driver tube expanding into the
detonation section propagates a shock wave which rapidly
transitions into a detonation wave, as depicted in Fig. 1b
which features an under-driven mode of operation. The
wave that propagates downstream through the detonation
tube transitions to a CJ detonation wave. Unfortunately,
the pressure transducers are not located sufficiently far
upstream to detect this transition and it is estimated that
transition occurs within 0.2 m. The propagating detona-
tion wave impinges the thin downstream diaphragm to
rupture it. The area reduction causes part of the wave
to be reflected. This partial reflection serves to trap high-
pressure gas in a fashion similar to a reflected shock tunnel
and serves to alleviate attenuation from the Taylor rar-
efaction, thereby prolonging the duration of uniform flow
within the driven tube. Jiang et al. (1999, 2002) have fur-
ther studied this technique of increasing the run time and
flow uniformity through the use of “cavity rings.” Finally,
at the end of a successful run, the end diaphragm is blown
away and the entire shock tube is vented.

4 Instrumentation

The driver tube is instrumented with a flush-mounted
pressure transducer PT1 while the detonation tube is in-
strumented with four flush-mounted pressure transducers,
PT2–PT5 (PCB model 111A22, full-scale range of 680
atm, rise time of 2 µs and time constant of 1000 s) for
monitoring the behavior of the detonation wave (Fig. 1a).
The transducers are located at 0.495, 1.08, 1.66 and 2.25
m upstream of the mylar diaphragm separating the deto-
nation and driven tubes. An MKS model 127A Baratron
pressure transducer, with a maximum pressure rating of
13.1 atm, is used when filling the detonation tube using
the method of partial pressures. It is also used to provide
an initial pressure reading for setting the PCB transduc-
ers. The Baratron transducer is isolated from the deto-
nation tube just before a run to prevent damage by the
propagating detonation wave.

The driven section is instrumented with two flush-
mounted PCB model 111A23 transducers (PT6 and PT7
in Fig. 1a) which have a full-scale pressure range of 340
atm, rise time of 2 µs and a time constant of 500 s. These
transducers, located upstream of the test section at 2.146

and 2.604 m respectively downstream of the secondary di-
aphragm location, are used primarily for shock speed mea-
surements. Two other PCB transducers (model 111A23 or
111A24 depending upon the conditions in the driven tube)
are installed at PT8 and PT9, located at 3.061 and 3.416
m respectively downstream of the secondary diaphragm
location. The model 111A24 transducers have a full-scale
range of 68 atm, a rise time of 2 µs and a time constant of
100 s. The four transducers monitored the transient con-
ditions in the driven section during a run. The initial pres-
sure in the driven tube is also measured by an MKS model
127A Baratron pressure transducer but with a maximum
pressure range of 1.3 atm. This transducer provides an ac-
curate measurement of the initial driven tube pressure as
well as serving to initialize the dynamic PCB transducers.
Just like the above Baratron transducer, this Baratron
transducer is isolated from the driven tube just before a
run to prevent damage by the propagating shock wave.

Data are recorded simultaneously by a multi-channel
data acquisition system at 100 kHz/channel. The data ac-
quisition system is triggered externally. A soft, thin wire is
mounted on the end diaphragm of the driven tube. Trig-
gering occurred when the end diaphragm and the wire
are broken by the shock or detonation wave generated in
the driven tube. The data acquisition system is capable of
recording pre-trigger data. The required amount of pre-
trigger data is determined by consideration of the shock
and detonation wave propagation in the shock tube. Fur-
ther, time-of-flight (TOF) calculations using data between
two transducers are used to obtain the wave propagation
speeds. The wave speed provides an important indication
of the properties of the detonation wave, primarily in de-
termining the transition to a fully-developed CJ wave.

Initial gas pressures in the driver and detonation tubes
(p4 and p100) are determined to an accuracy of ±1%. Due
to leaks in the test section, the initial pressure p1 in the
driven tube can only be determined to an accuracy of
±16.1%, which resulted in an accuracy of ±5% in p2. Ini-
tial gas temperatures are accurate to ±1 K. The mixture
composition in the detonation tube (using the method
of partial pressures) is accurate to ±1%. Most of the
mixtures were stoichiometric oxyhydrogen, although some
tests were made with stoichiometric mixtures of hydro-
gen/air and propane/oxygen. Wave velocities, obtained
from TOF measurements, are accurate ±2–3%. Due to
the large spacing between the transducers, the wave ve-
locity should be regarded as an average value between
the respective transducer pairs. For the purpose of un-
derstanding wave processes in the detonation and driven
tubes, the deduced velocities are sufficient.

5 Results and discussion

5.1 Arc initiation

The detonation was at first triggered by an electric arc
of about 3 J and, therefore, the driver section shown in
Fig. 1a is not used. An example of the detonation tube
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Fig. 3. Pressure trace for a stoichiometric oxyhydrogen mix-
ture, initial pressure = 6.0 atm; arc ignition, energy ≈ 3 J

pressure history is shown in Fig. 3 for a stoichiometric re-
actant mixture at an initial pressure of 6 atm. The igniter
is located on the sidewall of the detonation tube, 228.6 mm
from the mylar diaphragm, that is, it is just upstream
of PT5. Thus, the detonation wave propagates upstream.
The transducer closest to the igniter shows some pre-
compression ahead of the detonation wave. Nonetheless,
TOF calculations indicate the detonation wave reaches or
exceeds the CJ speed (Fig. 4). The peak pressure levels
(not shown) are also in reasonable agreement with the CJ
level. Deflagration-to-detonation transition occurs within
0.4 m (length-to-diameter ≈ 2.6) for all initial pressures
above 1 atm.

Although, a CJ detonation wave is eventually achieved
in the detonation tube, arc-induced detonation proves in-
adequate for facility development for two primary reasons.
First is the rapid decay in pressure following passage of the
detonation wave caused by the Taylor rarefaction. Second
is the inability to directly initiate a CJ detonation with
low initial reactant pressures, as can be seen in the 1 atm
data in Fig. 4. Despite the poor spatial resolution of the
data, the indication is that the deflagration-to-detonation
(DDT) transition occurs between 1 and 1.7 m from the ig-
niter for the 1 atm case, a distance longer than desirable.
To improve shock tube performance, the shock-induced
detonation technique proposed by Bakos et al. (1996) was
adopted. Bakos et al. (1996) reported a short and consis-
tent DDT distance which is important for repeatability.
Moreover, using shock-induced detonation, the expansion
of the high-pressure gas from the driver tube can ideally
eliminate the Taylor rarefaction, resulting in a sustained
CJ pressure level behind the detonation wave. The devel-
opment of shock-induced detonation is discussed next.

5.2 Shock-induced detonation

Detonation tube pressures corresponding to the under-
driven mode of operation, in which the Taylor rarefac-
tion wave is only partly eliminated, are shown in Fig. 5.
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Fig. 4. Wave speed for a stoichiometric oxyhydrogen mixture
at different initial pressures due to arc ignition (lines added for
visual aid)

Fig. 5. Detonation tube pressure traces for a stoichiometric
oxyhydrogen mixture at an initial pressure of 2 atm with shock-
induced detonation using an air driver (p4 = 219 atm and
T4 = 300 K)

The detonation tube is filled with a stoichiometric oxy-
hydrogen mixture at 2 atm. High-pressure air is used to
initiate a shock-induced detonation. In Fig. 5, the first
peak is due to the incident detonation wave and the sec-
ond to the wave reflected from the downstream end of the
detonation tube. The detonation speed is calculated by a
TOF method from the distance between the two transduc-
ers and the propagation time of the incident wave. From
the speed and the distance between the transducers and
double diaphragm section, the instant that the double di-
aphragm broke is estimated. The abscissa in Fig. 5 is the
time delay after the estimated instant of diaphragm break-
age.

TEP is used to calculate conditions in the detonated gas
for given initial conditions. From the conservation equa-
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tions for continuity, momentum, and energy, and the con-
straint that uCJ = aCJ , TEP yields the CJ parameters and
also the state and composition of the detonation products.
The detonation wave velocity ud is dependent only on the
initial conditions of the detonation mixture. However, in-
complete mixing of fuel and oxidizer is thought to cause
the experimental value of ud to be different from the the-
oretical speed uCJ . Nonetheless, if the difference between
the measured velocity and the CJ velocity is within 10%, it
is assumed that detonation is achieved since this criterion
clearly distinguishes the detonation wave from a propagat-
ing shock; the latter would travel at a much lower speed.
(The procedure for estimating the experimental value of
ud is described below.) The CJ parameters calculated us-
ing TEP are corrected for incomplete mixing. An appropri-
ate portion of fuel which produces the measured velocity
is substituted with an equivalent amount of a nonreactive
gas of the same molecular weight, such as a helium atom
for a hydrogen molecule. The corrected pCJ obtained by
TEP is indicated in Fig. 5. It can be seen that the pressure
transducer is unable to resolve the theoretical pCJ .

The theoretical plateau pressure p400 behind the Tay-
lor rarefaction is derived as follows. From the characteris-
tic curve between regions 4 and 5,

p4/p5 =
(

1 +
γ4 − 1

2
u5

a5

)[2γ4/(γ4−1)]

. (1)

Assuming isentropic expansion and a calorically perfect
gas,

a5/a4 = (p5/p4)
[(γ4−1)/2γ4] .

Therefore, (1) becomes

(p5/p4)
[(γ4−1)/2γ4] = 1 − [(γ4 − 1)/2] u5/a4 . (2)

In the Taylor rarefaction that follows the detonation wave,
the same characteristics give
(

p400

pCJ

)[(γCJ−1)/2γCJ ]

= 1 − (γCJ − 1)
2

uCJ − u400

aCJ
. (3)

Since, between the contact surface,

p5 = p400 and u5 = u400

from (2) and (3), the theoretical pressure in region 400
can be expressed as

p
f(4)
400 + A p

f(CJ)
400 + B = 0 (4)

where

A =
γ4 − 1

γCJ − 1
aCJ

a4
p

−f(CJ)
CJ p

f(4)
4

B =
[
γ4 − 1

2
uCJ

a4
− γ4 − 1

γCJ − 1
aCJ

a4
− 1

]
p

f(4)
4

f(i) = (γi − 1)/2γi .

Equation (4) is not explicit, but from the CJ and ini-
tial driver conditions, the plateau pressure of region 400

can be obtained numerically. For a driver gas with a low
molecular weight, such as helium or hydrogen, the plateau
pressure p400 becomes large. The effect of the driver gas
on shock tube performance will be discussed in Sect. 5.5.
The pressure p400 calculated by (4) is indicated in Fig. 5
and listed in Table 1. Although it is hard to uniquely de-
termine the experimental plateau pressure, Fig. 5 shows a
good agreement with the theoretical value.

From (3), u400 is also calculated. This is the same
value as u5, the speed at the head of the expansion in
the high-pressure driver. Therefore, the instances when
the driver interface arrives at PT4 and PT5 are calculated
as 3.61 and 4.88 ms, respectively. A slight modification of
(2) yields

a400 =
γ4 − 1

2
u400

[
1 −

(
p400

p4

)[(γ4−1)/2γ4]
]−1

. (5)

Since the tail of the Taylor rarefaction advances at a speed
of (a400 + u400), the calculated arrivals of the rarefaction
tail at PT4 and PT5 are 0.89 and 1.21 ms, respectively. In
general, the measured detonation wave speeds in the det-
onation tube are within 10% of the CJ speed. A possible
reason for the lower measured values in the driven tube is
boundary-layer growth (Olivier et al., 2002).

5.3 Reflected and transmitted shocks

The detonation wave is reflected by the cross-sectional
area change and the presence of a diaphragm between
the detonation and driven tubes. Since the reflected shock
propagates through region 400, the plateau pressure p400
(= p5) and the reflected shock speed govern the state of
region 500. In order to apply normal shock relations to the
conditions in region 400, the reflected shock speed is de-
rived using the TOF method between PT4 and PT5. The
shock routine in TEP is applied to yield p500, T500, a500,
u500 and γ500.

For the example shown in Fig. 5, the theoretical values
of p500 and T500 are listed in Table 1. The theoretical value
of p500 is in reasonably good agreement with the measured
peak pressure as indicated in Fig. 5. The peak pressure
measured at PT5 is somewhat higher than that at PT4.
The reason for the high pressure is that when the deto-
nation wave arrives at the mylar diaphragm, the pressure
behind the detonation wave is higher than p400 since it is
not yet attenuated by the Taylor rarefaction. Therefore,
as the detonation wave reflects and propagates through
the gas at higher pressure, the post-shock pressure be-
comes temporarily higher than p500. Due to progressive
attenuation by the Taylor rarefaction, the reflected shock
accelerates until it encounters the plateau pressure. The
gas velocity after the reflected shock u500 is calculated to
be −277 m/s, which means that the gas in region 500 is
moving upstream. The pressure is attenuated by an ex-
pansion wave following the reflected shock.

The downstream propagating detonation wave in ad-
dition to being reflected is also partially transmitted into



F.K. Lu, D.R. Wilson: Detonation-driven shock tube 463

Table 1. Example of initial conditions and calculated properties

Initial conditions Calculated properties
Tube

Gas Region p, atm Region p, atm T , K

Driver Air 4 183 5 20.9 161

CJ 37.7 3630

Detonation 2H2+O2 100 2.01 400 20.9 3390

500 37.1 3790

Driven Air 1 0.97 2 14.4 975

Fig. 6. Pressures in driven tube (air initially at 2 atm and
300 K)

the driven tube. Pressures recorded in the driven tube
are shown in Fig. 6. The abscissa is the time from the
estimated moment of primary diaphragm breakage. The
flow in region 2 is supersonic with a Mach number of
M2 = 1.57. Thus, the second peak and dip after about
4.6 ms may be due to another shock and expansion wave
behind the primary shock. The properties in region 2 are
derived by the normal shock relations using the measured
shock velocity us. The calculated pressure p2 compares
favorably with the measurements as indicated in Fig. 6.

5.4 Effect of reactants

Detonations are established in oxyhydrogen, hydrogen/air
and propane/oxygen mixtures driven by air and helium.
The effect of raising the initial pressure p100 of the reac-
tants from 2 to 3 atm can be seen in a comparison of Fig. 7
with Fig. 5, both being under-driven cases. It is difficult
to determine pCJ from the data due to the onset of Tay-
lor rarefaction and instrumentation limitations. Nonethe-
less, the pressure in the detonation products is increased
by 50% for the same increase in p100 as required by the-
ory. The detonation wave speed is calculated to be 2660
and 2780 m/s for p100 = 2 and 3 atm respectively. This

Fig. 7. Detonation pressures of oxyhydrogen at p100 = 3 atm
with an air driver at 219 atm and 300 K – electromagnetic in-
terference caused signal fallout between approximately 2.4 and
3.5 ms but does not affect interpretation of prior signal

indicates that the detonation velocities are not strongly
dependent on initial pressure.

Figure 8 shows detonation pressure traces for a pro-
pane/oxygen mixture initially at 2 atm. This can also
be compared with Fig. 5 for the same initial conditions
except for a difference in mixture composition. For the
propane/oxygen case, the detonation velocity is estimated
as 2430 m/s, which is slower than in the oxyhydrogen
case. However, it can be observed that the post-detonation
pressure is larger. The peak pressure in the detonation
wave for the propane/oxygen case is measured at 63 atm
while that for the oxyhydrogen case is only 34.4 atm. Even
though the instrumentation may not exactly resolve the
peak pressures, the measurements are consistent with the
higher predictions of pCJ for the propane/oxygen case, the
value of which is indicated in Fig. 8.

TEP provides the theoretical detonation velocities and
post-detonation pressures for various initial conditions. As
a summary, Fig. 9 shows the detonation velocity for sto-
ichiometric mixtures of different reactant pairs at initial
pressures of 0.5–4.0 atm. The velocities obtained in the
experiments are generally lower than the calculated val-
ues except for the hydrogen/air cases, which are as much
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Fig. 8. Detonation pressures of propane/oxygen at p100 =
2 atm with an air driver at 219 atm and 300 K

Fig. 9. Detonation velocity dependence on reactants (stoichio-
metric mixtures in all cases): TEP results are shown as lines, ex-
perimental values for hydrogen/oxygen are shown as squares,
for propane/oxygen as triangles, and for hydrogen/air as circles
(vertical error bars are due to the 10 µs temporal resolution)

as 20% higher. For the hydrogen/air case, it was thought
that incomplete mixing may produce oxyhydrogen mix-
tures locally, resulting in the higher velocity.

Figure 10 compares the measured post-detonation
pressure and the values calculated using TEP. The sym-
bols denote the same mixtures as in Fig. 9. The exper-
imental determination of pCJ is difficult because of the
rapid initial decay of pressure from its peak, von Neumann
value. However, to compare the post-detonation pressure,
the pressure is averaged over 0.1 ms after the peak to
provide consistency in its evaluation. Thus, p̄CJ is the
averaged pressure assuming that it represents pCJ . The
experiments and calculations both indicate that the high-
est pressures are obtained with propane/oxygen mixtures.
The measured pressure increases for large initial pressure.
Moreover, the hydrogen/air cases show that most depar-

Fig. 10. CJ pressure dependence on reactants (stoichiometric
mixtures in all cases): TEP results are shown as lines, experi-
mental values for hydrogen/oxygen are shown as squares, for
propane/oxygen as triangles, and for hydrogen/air as circles

tures from the theoretical values are likely due to the in-
complete mixing.

5.5 Driver gas

The uniform region 400 of detonation products is deter-
mined by the state of the driver gas in region 4 and CJ
parameters as indicated by (4). The equation implies that
the attenuation of the detonation wave followed by the
Taylor rarefaction determines p400 since the Taylor rar-
efaction exists to match the pressure of the expanding
driver gas. For example, the theoretical plateau pressures
when an air, helium or hydrogen driver is used to detonate
a stoichiometric oxyhydrogen or hydrogen/air mixture ini-
tially at 2 atm and 300 K are shown in Fig. 11 as solid
and dashed lines respectively. Note that while the figure
shows a hydrogen driver, this approach is not used in the
experiments. The CJ pressures are also shown as chain
lines.

The calculations show that p400 increases with p4. For
a stoichiometric oxyhydrogen mixture, the strong Taylor
rarefaction prevents p400 from reaching pCJ with an air
driver for the p4 range considered here and only under-
driven conditions are achieved. It can be noted that for
hydrogen driving the stoichiometric oxyhydrogen mixture,
the pressure of the hydrogen driver just balances the pres-
sure at the rear of the detonation wave pCJ at 185 atm,
annihilating the Taylor rarefaction. In this perfectly driven
mode, the full CJ pressure level can ideally be main-
tained behind the detonation wave. A further increase in
p4 causes the expanded driver gas pressure to be higher
than the CJ pressure. This forces the detonation to travel
faster than the CJ speed, resulting in an over-driven det-
onation. Taylor rarefaction does not exist in this case. Fi-
nally, since hydrogen is not used as a driver gas, none of
the reported experiments achieved over-driven conditions



F.K. Lu, D.R. Wilson: Detonation-driven shock tube 465

Fig. 11. Plateau pressures for air, helium, and hydrogen
drivers (stoichiometric reactant mixtures at 2 atm and 300 K
initial conditions)

and very few achieved nearly perfectly-driven conditions
for the range of fill pressures attempted. For a stoichio-
metric hydrogen/air detonation, the figure shows that the
Taylor rarefaction is relatively weaker than the oxyhydro-
gen case. In addition, the figure shows that the helium
driver can achieve a perfectly-driven condition. Therefore,
it can be concluded that the shock-induced detonation
may approach the perfectly-driven mode, when (i) a light
gas is used as the driver gas, (ii) the initial driver pres-
sure and temperature are high, (iii) the post-detonation
pressure is low, and (iv) aCJ and uCJ are small.

It is difficult to determine the experimental plateau
pressure p̄400. Thus, the pressures are averaged over a cer-
tain time before the reflected shock arrives at PT4. This
averaging time is arbitrary, but 0.25 ms is selected with
careful consideration of the reflected shock and strong
Taylor rarefaction. For the experiments with oxyhydro-
gen reactants at p100 = 1.99–2.01 atm, p̄400 is shown as
solid squares with a one standard deviation error bar in
Fig. 11. The trend of the experimental values being lower
than the theoretical line implies that the Taylor rarefac-
tion is stronger than theoretical predictions. This is pos-
sibly due to the low pressure in the double diaphragm
section which abruptly reduced the actual pressure in the
driver when the diaphragm is ruptured. Nonetheless, this
discrepancy is within the data uncertainty.

For the same detonation mixture and initial conditions
as those shown in Fig. 7 but with a helium driver, Fig. 12
shows nearly perfectly-driven pressure traces. Also, the
theoretical pCJ and p400 show good agreement with the ex-
perimental results. The reflected shock in Fig. 12 produces
a much higher pressure than with an air driver. After the
reflected shock, the pressure does not decrease but even in-
creases due to blowdown of the high-pressure, driver tube
gas. The helium driver interface advances more than twice
as fast as the air driver interface; u5 = 410 m/s for the air
driver and u5 = 860 m/s for the helium driver. Using this
speed, the location where the driver interface meets the re-
flected shock is estimated to be 0.29 m upstream of PT5,
which means that the reflected shock measured at PT4 is

Fig. 12. Detonation pressures of oxyhydrogen at p100 = 3 atm
with a helium driver at 219 atm and 300 K

propagating not through the detonated gas but through
the helium expanded from the driver. In this case, p500
calculated using the previous method is no longer valid
since the reflected shock speed is reduced as it encoun-
ters the helium at a lower temperature, that is, a5 < a400.
Therefore, p500 denoted in Fig. 12 is somewhat underesti-
mated.

Figure 13 shows the effect of the Taylor rarefaction on
the measured p̄400. Circles and squares represent the ex-
perimental p̄400 when using air and helium drivers, respec-
tively, with their standard deviations. A perfectly-driven
detonation is indicated by the pCJ = p̄400 line. Most det-
onations are under-driven while no over-driven conditions
are achieved in the tests thus far. However, the figure illus-
trates that the helium driver could possibly eliminate the
Taylor rarefaction better than the air driver. The figure
also shows that there is room for improvement in the tech-
nique, as the under-driven mode may affect the constancy
of the driven tube flow (Jiang et al., 1999, 2002).

5.6 Driven tube conditions

While there are limitations with the under-driven mode, it
did provide an adequate amount of quasi-steady flow for
an experimental program to measure the electrical con-
ductivity of high-enthalpy gases seeded with alkali salts.
This is illustrated by a comparison of an under-driven and
a nearly perfectly-driven example. An example of detona-
tion tube pressure histories for an under-driven condition
is given in Fig. 14a. The detonation tube contains a sto-
ichiometric oxyhydrogen mixture at an initial pressure of
1.5 atm, and the driver tube is pressurized to 219 atm
with air. Time-of-flight measurements indicate a detona-
tion wave propagation speed of 2920 m/s, which is almost
identical to the theoretical CJ detonation wave speed for
these conditions. For this under-driven mode, the incident
detonation wave is followed by a Taylor rarefaction that
lowered the pressure. The reflected detonation wave in-
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Fig. 13. Taylor rarefaction for air and helium driver

creases the pressure by a factor of 2.3, which agrees with
CJ theory. However, the reduction in pressure caused by
the rarefaction wave lowers the peak pressure behind the
reflected detonation wave, although not nearly as much as
observed for the arc-initiated detonation wave.

An example of a nearly perfectly-driven mode is shown
in Fig. 14b, where the driver tube is filled with helium at
201 atm. The rate of pressure drop with time in this case is
about the same as the previous example. However, the ab-
solute pressure level achieved by the reflected detonation
wave is much higher. This increase in reflected pressure
increases the driven-tube Mach number from 6.70 to 7.65.
(The highest peak shock Mach number achieved in the
driven tube is 10.7.)

The corresponding pressure histories in the driven tube
are shown in Fig. 15. The duration of quasi-uniform flow
recorded by transducers PT8 and PT9, on either side of
the test section, is at least 1 ms. Typically, the contact
surface follows the shock wave after 0.76–0.79 ms. For a
shock speed of the order of 300–400 m/s, this yields a
220–300 mm long slug of test gas. This length of test gas
which is 2–3 times the conductivity channel is considered
adequate for maintaining quasi-steady conditions for ac-
quiring useful data.

5.7 Shock tube performance

Figure 16 shows the actual performance map of the shock
tube. The abscissa and the ordinate represent the total
pressure and temperature achieved in the driven tube. The
steeply inclined lines represent different combinations of
initial driver and detonation tube pressures. The driver
gas is either helium or air, and the detonation tube is
filled with a stoichiometric oxyhydrogen mixture, both ini-

a

b

Fig. 14a,b. Detonation tube pressure traces for a stoichio-
metric oxyhydrogen mixture at an initial pressure of 1.5 atm
with shock-induced detonation: a air driver (initial conditions
of 219 atm and 300 K), b helium driver (initial conditions of
201 atm and 300 K)

tially at 300 K. The actual performance map is smaller
than that shown in Fig. 2. One reason for this decrease is
that the maximum driver tube pressure p4 is held at 218
atm, instead of the maximum possible of 408 atm. An-
other reason is the initial reactant pressure p100 is limited
to a maximum value of 3 atm, as the enthalpy conditions
achieved are adequate for the tests under consideration.
The widespread occurrence of under-driven conditions also
limited the performance of the forward-propagating mode.
Other reasons include boundary layer effects and gas cool-
ing in both the detonation and driven tubes (Olivier et
al., 2002). Nevertheless, the performance is sufficient for
the test program and demonstrates the feasibility of us-
ing shock-induced detonation drivers for enhancing shock
tube performance.

6 Conclusions

A detonation-driven shock tube, operating in the forward
mode, is described. The use of a driver tube to mitigate
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a

b

Fig. 15a,b. Driven tube pressure traces corresponding to
Figs. 14a and b: locations PT6–PT9 are 2.146, 2.604, 3.061,
3.416 m downstream of diaphragm interface

Fig. 16. Performance map of detonation-driven shock tube

the effect of the Taylor rarefaction yielded an adequate
duration of uniform, high-pressure flow in the driven sec-
tion compared to that achieved with an arc initiation. The
performance of the shock tube is much lower than theoreti-
cal predictions. Possible reasons for the lower performance
include shock attenuation in the driven tube, gas cool-
ing in the detonation tube and poor fuel–oxidizer mixing.
Nonetheless, the technique is found to be easy to imple-
ment. Air and helium at pressures of up to 408 atm were
used to initiate a detonation wave in various fuel–oxidizer
mixtures at pressures of up to 3 atm. A stagnation tem-
perature of up to 4200 K and a stagnation pressure of up
to 34 atm were achieved in air, initially at 1–2 atm.
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