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Nomenclature
d = side of square channel cross section
E = effective laser energy incident on diaphragm
t = time
x = distance from diaphragm along the low-pressure

channel; see Fig. 1
�P = pressure increment from initial pressure
δ = diaphragm thickness
σ = tensile stress of Mylar diaphragm

Introduction

A SHOCK tube is a fundamental experimental tool for research
on shock waves and compressible fluid dynamics. The low-

and high-pressure channels in a shock tube are usually separated
from each other by a diaphragm. For operations in a moderate pres-
sure range, plastic material, such as Mylar or cellophane, is used
for the diaphragm. In ideal shock-tube operation, the separation
should be instantly and completely removed so that a plane shock
wave is generated immediately. However, in practice it takes a fi-
nite time for the diaphragm to be ruptured before the flow past the
diaphragm reaches the full channel value.1,2 If only a partial area
of the diaphragm is ruptured or the time required for the rupture is
too long, the shock formation distance cannot be neglected, and/or
the postshock pressure deviates from the ideal value. This problem
becomes significant when the fill pressure difference between the

Presented as Paper 2004-1352 at the AIAA 42nd Aerospace Sciences
Meeting, Reno, NV, 5–8 January 2004; received 15 April 2004; revision
received 3 March 2005; accepted for publication 25 November 2005. Copy-
right c© 2006 by the American Institute of Aeronautics and Astronautics,
Inc. All rights reserved. Copies of this paper may be made for personal or
internal use, on condition that the copier pay the $10.00 per-copy fee to
the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA
01923; include the code 0001-1452/06 $10.00 in correspondence with the
CCC.

∗Professor, Institute of Fluid Science; currently Professor, Department of
Aerospace Engineering, Nagoya University, Furo-cho, Chikusa-ku, Nagoya
464-8603, Japan; sasoh@nuae.nagoya-u.ac.jp. Associate Fellow AIAA.

†Graduate Student, Institute of Fluid Science.
‡Graduate Student, Institute of Fluid Science; currently Research As-

sociate, Department of Mechanical Engineering, Ritsumeikan University,
1-1-1 Noji-Higashi, Kusatsu 525-8577, Japan.

§Postdoctoral Fellow, Institute of Fluid Science; currently Associate Pro-
fessor, Faculty of Science and Technology, Hirosaki University, 3 Bunkyo-
cho, Hirosaki 036-8561, Japan. Associate Fellow AIAA.

¶Visiting Scholar, Institute of Fluid Science; currently Associate Profes-
sor, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100080,
People’s Republic of China.

high- and low-pressure channels is small because the thrust onto
the diaphragm is not large enough to remove it within a reasonably
short period of time.

A free-piston driver or fast-acting valve3−5 is often used as an al-
ternative to the diaphragm separation in shock tubes. In this case, the
effective shock formation distance should be considered carefully
because the mass of the piston or its equivalent is not at all negligi-
ble; the usefulness of this technique is limited by this aspect. Yang
et al.6 have developed a diaphragm-less shock tube using a much
lighter component for the separation, a rubber membrane. The sys-
tem also had the practical advantage that the low- and high-pressure
channels did not need to be disconnected to replace the ruptured
diaphragm with a new one. However, the connection is shaped as an
annular bend. When the postshock flow speed is high, the pressure
loss through the bend becomes large. Although the uncertainty in
the local shock Mach number was reduced to 0.25%, the postshock
pressure might not necessarily remain constant for the required test
period.

Rupturing the diaphragm using an electromagnetic repulsive
force has been examined in an expansion tube operation.7 How-
ever, the effect of this active rupture was not clear, presumably
because the opening time was not at all negligible. Moreover, elec-
tromagnetic interference to surrounding instrumentation caused by
the large current to the coil and electrical insulation of the electrical
coil circuit from metal tubes are not trivial issues.

Remote and/or temporal control of diaphragm rupture would be
useful, for example, in expansion tube operation and in small-scale
machineries in which an ordinary device cannot fit. Thus, with the
objective of improving shock-tube performance, we have carried out
trials of shock-tube operation initiated by rupturing the diaphragm
with laser-beam irradiation to determine the usefulness and the even-
tual drawbacks of this new technique.

Apparatus and Experimental Conditions
Figure 1 shows the experimental setup used in the present study.

The shock-tube passage has an 80 × 80 mm square cross section.
The length of the high-pressure channel is 2 m, and that of the
low-pressure channel is 4 m. A diaphragm made of a sheet of Mylar
separates the low- and high-pressure channels. The diaphragm thick-
ness was varied from 5 to 50 μm. The gas contained in the chan-
nels is air. The inlet for the laser beam to the shock tube, that is,
the left-hand end of the high-pressure channel in Fig. 1, could
be sealed with a ZnSe window. However, for simplicity, it was
left open to the atmosphere (initial pressure; 101.0 ± 0.5 kPa) in
this study. This condition does not affect the general nature of the
present study. The low-pressure channel is evacuated to an initial
pressure of 81.0 ± 0.5 kPa. The corresponding value of Ms and

Fig. 1 Experimental setup.
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overpressure �P calculated form the shock-tube relations are equal
to 1.048 ± 0.003 and 9.37 ± 0.06 kPa, respectively. The histories
of inner wall pressures are measured using piezoelectric pressure
transducers (PCB 113A21, rise time 1 μs).

The diaphragm is ruptured using a CO2 transversely excited atmo-
spheric laser (TC-300, General Physics Institute, Moscow, Russia;
wavelength 10.6 μm; laser energy 380 J; 90% of the pulse energy
is emitted in 2.5 μs). The beam output from the laser has a cross-
sectional area of 150 × 150 mm. However, the intensity inside the
central 80 × 80 mm2 area is negligible because the laser has an un-
stable resonator. The output beam from the laser is reflected on two
plane aluminum mirrors and is introduced into a beam reducer that is
composed of two conical, diamond-cut aluminum (A1050) mirrors,
one concave and the other convex. The size-reduced laser beam is
introduced into the shock tube; the local fluence outside of the cen-
tral 72 × 72 mm square is negligibly small. The laser-beam energy
incident onto the diaphragm is varied between 30 and 300 J with
an error of ±2% using one or more sheets of Mylar film of various
thicknesses placed before the beam reducer, at location [B] in Fig. 1.

Usually, the length of the low-pressure channel of a shock tube
necessary for the shock-wave formation from compression waves8

to become complete is of the order of 50 to100 times the character-
istic dimension of the channel cross section.9 However, in this study
the locations of the overpressure measurements in the low-pressure
channel are very close to the diaphragm: x/d = 1.4, 4.0, 11.5, 16.5,
and 21.5. Moreover, shock-tube operation with such a small pres-
sure difference as that of the present study usually necessitates a long
shock formation distance.8,9 Therefore these two experimental fac-
tors give a strong impact to the role of diaphragm rupture processes
on the shock formation characteristics in the following experiments.

Results and Discussion
In the experiments, we examined the use of Mylar and cello-

phane as diaphragm material. Cellophane was not found suitable
for laser rupture because it melted and became stiff after laser pulse
irradiation and pressure fluctuation induced by laser ablation of the
diaphragm was much larger than for Mylar of the same thickness.
In the following, only results obtained using Mylar films will be
presented.

In the square section channel, the lasting pressure difference
�Pmax = 4δσ/d, with a diaphragm of thickness δ = 5 μm, is 59 kPa,
which is only three times higher than the initial pressure difference
set in the experiment, 20 kPa. Considering the margin for local
tension concentration and mechanical distortion which are to some
extent unavoidable in practical shock-tube operation, this thickness
is practically the smallest limit for the experiment.

Figure 2 shows pressure histories measured on the inner wall
in the low-pressure channel for a laser energy of 70 J. The re-
sponse time in the side-on pressure measurement is determined
as (diameter of the pressure transducer = 5.5 mm)/(shock speed =

Fig. 2 Typical pressure histories for E = 70 J.

Fig. 3 Pressure histories with various values of E, diaphragm thick-
ness of 5 μm and x/d = 16.5.

360 m/s) + (pressure transducer rise time = 1 μs), which, in the
present condition, equals 16 μs. For a diaphragm thickness of 5 μm
and x/d ≤ 4.0, the measured pressure rise time is one order of mag-
nitude longer than the just-mentioned response time. At x/d = 16.5,
the overpressure reaches the value for an ideal shock tube9,10 within
the response time with less than 2% error. The overpressure histories
are affected by 9% fluctuations.

For a diaphragm thickness of 9μm, the diaphragm rupture was not
sufficiently complete. Even at x/d = 16.5, the transition to a shock
wave is not complete, the pressure rise time is 220 μs, the post-
shock overpressure is smaller than the ideal value by 13%, and the
amplitude of the pressure fluctuation is 17% of the ideal overpres-
sure. The pressure history at x/d = 1.4 exhibits pressure fluctuations
of much larger amplitude. This increase of pressure fluctuation is
caused by stronger laser ablation of the diaphragm. The laser en-
ergy that is absorbed in the diaphragm increases with its thickness.
According to our calibration measurement, the effective reflectiv-
ity and absorption coefficient of Mylar films against the CO2 laser
pulse is 0.20 ± 0.01 and 0.142 ± 0.005 (μm)−1, respectively. Using
these values, the laser energy absorbed in a 5-μm-thick Mylar film
is estimated to be 5.5% of the incident energy. For an incident en-
ergy of 70 J, the absorbed energy is 3.9 J, which corresponds to the
static enthalpy of a layer of 1.7 mm of driver air in the channel.
Because of the exponential dependence of the absorbed energy on
the diaphragm thickness, the energy absorbed in a 9-μm-thick di-
aphragm is 1.75 times that absorbed in a 5-μm-thick one, thereby
causing much larger pressure fluctuations.

Figures 3 shows pressure histories measured using a 5-μm-thick
Mylar diaphragm for various laser energies. When the incident laser
energy was small (E = 30 J), the pressure immediately after the
incident shock wave did not reach the ideal shock-tube value. The
laser energy was so small that only a fraction of the diaphragm was
ruptured. When the laser energy was too large (E = 130 J and larger),
pressure fluctuations induced by ablation became large. The best
conditions were achieved with a laser energy of 70 J: the postshock
pressure was close to the ideal shock-tube value, remained almost
constant, and had a relatively small fluctuation amplitude.

Conclusions
Our experiments demonstrated that shock-tube operation with ac-

tive diaphragm rupture using laser-beam irradiation is possible. A
shock transition distance of the order of 10 times the channel side is
obtained. Because the amount of energy absorbed in the diaphragm
affects pressure fluctuations, the material and thickness of the di-
aphragm and the incident laser energy should be carefully set. On
one hand, an excessively small laser energy results in insufficient
diaphragm opening and decreasing postshock pressure; on the other
hand, with an excessively large laser energy the postshock flow is
contaminated with pressure fluctuations induced by laser ablation
of the diaphragm.
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