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Abstract

We have developed a small scale shock tube of 1Imm diame-
ter which has a diaphragm-less driver section. The experiment
is performed by using our small scale shock tube, where the
propagation velocities of the shock waves are measured with a
specially designed laser interferometer under several pressure
conditions. Helium and Cgare used as the driver and test gas,
respectively. As the results show, we have succeeded in observ-
ing weak shock waves in a shock tube of 1Imm diameter. The
fully or partly dispersed shock waves, which are attributed to the
exitation of the vibrational energy of GQare also observed at
the weak shock region.

Introduction

Recently, the micro-shock wave has come to the attention of
researchers in several fields of science. The diffusive transport

phenomena, such as heat conduction with the wall and the shear

stress, lead to remarkable deviation from the ideal shock behav-
ior in a narrow channel, which was described by Brouillette[1].
The scaling paramet&is expressed as following equation.
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Here,ReandD are the Reynolds number and the diameter of the
shock tube, andl is the distance between the shock wave and
the contact surface of the driver and test gases. The formula of
the Hugoniot curve for the density ratio across a shock wave
can be expressed as follows:
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If Sbecomes infinite, the well known ideal density ratio can be
derived:
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Shock waves at micro scales may be of high potentiality
for further scientific applications. Garen et al.[2] performed
shock wave measurements by using the uniquely developed
diaphragm-less driver section with a specially designed laser
differential interferometer, in a shock tube of 3mm diameter. It
is also shown experimentally that the Mach number of the shock
wave depends on the Reynolds number. It is no longer only a
function of the initial pressure ratio across the quickly open-
ing valve ps/p1, but also is strongly correlated to the Reynolds
number in the narrow channel[2]. The diaphragm-less driver
section and the laser differential interferometer are highly suit-
able for generating and measuring the shock wave propagation
in a small diameter tube.
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In addition, catching the shock waves and the contact surfaces
along the axial direction is of great importance. First, we have
performed a detailed experiment under the same pressure condi-
tions at several different positions in a shock tube of 3mm diam-
eter by using the diaphragm-less driver section and the laser dif-
ferential interferometer which are developed by Garen et al.[2].
Secondly, we have performed a numerical simulation in com-
parison with the experimental results[3]. Furthermore, we have
progressed in weak shock wave measurements in a shock tube
of 1mm diameter by using helium and air as driver and test gas,
respectively. It is shown that in the case of a laminar flow be-
hind the shock wave the friction effect between the shock tube
wall and the test gas leads to a remarkable behaviour[4]. In
this study we have carried out the measurements of weak shock
waves in a shock tube of 1mm diameter with the same measur-
ing arrangement by using helium and £8&¥ driver and test gas

to detect the dispersed effect of the gas.

Vibrational energy in the CO 2 molecule[5]

The vibrational energy of the carbon dioxide gas molecule at
normal temperature has the magnitude which equilibrate with
the translational and rotational energy. The vibrational relax-
ation time of the molecule, which is aboyis7at 300K, is suit-
able duration for an optical measurement of the dispersed wave
in a shock tube. As mentioned above, the carbon dioxide gas
is often used for the experimental study of a weak shock wave
with vibrational relaxation of the molecule. The structure of the
carbon dioxide molecule has the collinear symmetrical shape
with four vibrational modes, which consist of the symmetri-
cal stretching mode, two degenerated bending modes, and the
asymmetrical stretching mode, as shown in figure 1. The vibra-
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Figure 1: Three vibrational modes of carbon dioxide

tional specific heat for each vibrational ma@gy, v, is denoted



as follows, if the harmonic oscillator of the vibration is assumed
for molecular vibration.
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Here, 6,,, 8y, and6,, are called the vibrational characteris-
tic temperatures, which have the values of 1999K, 960K and
3383K. The vibrational specific heat fraction fer, v, andvs
modes at 273K is shown as follows:

Ciiby; - Ciiby, - Ciiby; = 0.046 : 1: 00008 @)
In this studyv, andv, are considered as the vibrational modes
for carbon dioxide gas molecule as follows:

Cuib = Ciiby, +Cuibv, (8

Structure of the dispersed wave[5]

The dissipation by the molecular vibrational non-equilibrium is
the dominant effect for a smoothing of a weak shock wave sur-
face structure, in particular for the polyatomic molecule. The
thickness of the wave frontincreases to dozens of times of thick-
ness of the normal shock wave front, or several hundred times,
by considering the translational-vibrational non-equilibrium of
the molecule. In this study the dissipation effect is considered
only as the vibrational non-equilibrium effect of the molecule.
Generally, the velocity of the sound wave, which propagates in
the polyatomic molecular gas, depends on the wave frequency.
In the case of a very high frequency sound wave, the vibrational
mode of the molecule can not follow the sudden change of state.
Consequently, the wave propagates by freezing the vibrational
energy. The sound velocity with the frozen vibrational energy,
which is called frozen sound velocitt, is denoted as the fol-

lowing equation:
ar =\/YtRT 9)

Here,R is a gas constant ang is called frozen specific heat
ratio, which has a value of 7/5 for a gas with a diatomic molec-
ular or collinear symmetrical molecular structures. On the other
hand, in the case of a very low frequency sound wave, the vibra-
tional mode of the molecule is excited keeping equilibrium with
translational and rotational modes because of a gradual change
of state in the gas. In this case the sound velocity, called equi-
librium sound velocityae, is denoted as the following equation:

ae =4/YeRT

Here, Ve is equilibrium specific heat ratio, which is denoted as
follows:

(10)

SR+Cib
5R+Cuib
The relation such aa; > ae has been derived from the equa-

tions (9) to (11). When a weak shock wave, which propagates
in the polyatomic molecular gas, passes into the gas with the
structure of a steady wave front, it is caused by the equilib-
rium between the non-linear effect of the compression wave
and the dissipative effect of the molecule. In the case of a
weak shock wave, the continuous profile is obtained throughout

Ye = (11)

208

the wave front because the vibrational non-equilibrium effect
is dominant. In a strong shock wave, the vibrational modes in
the molecules across the front of the wave, can not follow the
sudden change of state, caused by the non-linear effect of the
pressure wave. Consequently, the wave propagates by freez-
ing the vibrational energy. On the other hand, the non-linear
effect keeps equilibrium between the translational and the rota-
tional relaxation effects of the molecule. Such a wave front has
a very thin and discontinuous structure, caused by the transla-
tional and rotational equilibrium energies of the molecule and
by several intermolecular collisions. The wave front with a
relatively thick and continuous profile is generated by the vi-
brational non-equilibrium effect behind the discontinuous wave
front. Generally, such a structure of the weak wave front passes
through the transient state until achieving the steady state. As
mentioned above, the weak shock wave, which propagates in
the polyatomic molecular gas, has a structure corresponding to
the high frequency sound wave in front of the wave surface, and
for the low frequency sound wave behind the wave front. Here,
we consider that the weak shock wave propagates in the station-
ary polyatomic molecule gas. The velocity of the shock wave
meets the following relation:

ae < Us < af (12)
The vibrational modes are excited all over the shock wave, and
the wave is dispersed and smoothed by the vibrational non-
equilibrium effect. Such a wave is called a fully dispersed wave.
The frozen Mach numbévi; and the equilibrium Mach number
Me are noted as follows:

Us Us
M = = = 13
T~ & yiRT 13)
Us US
Me= — = 14
€T a  JYeRT (14)

It is required thaM; < 1 andMe > 1, to be a steady dispersed
wave. However, the state 8¢ > 1 exists in the unsteady pro-
cess. The velocity of the shock wakdg meets the following:
Us > as (15)

The discontinuous part, where the vibrational modes are frozen,
is generated at the front of the shock wave, and the continuous
profile generated by the vibrational modes is realized behind the
shock front. Such a wave is called a partly dispersed wave. It is
required to be a partly dispersed wave thigt> 1.

Experimental setup

Experimental apparatus

Figure 2 shows a schematic diagram of our shock tube, which
consists of a high pressure chamber and a low pressure cham-
ber (glass shock tube). The low pressure chamber has an inner
diameter of 1mm and a length of 600mm. The high pressure
chamber, which has a simple structure, consists of a quickly
opening valve using the rubber[6], a pressure chamber for the
valve, and an outer diaphragm. High pressure air from a com-
pressor is filled into the pressure chamber for the valve through
a piping system and is monitored by a pressure gauge after con-
trolling the pressure,ave Additionally, the quickly opening
valve operates by manually bursting the outer diaphragm which
is settled on the rear side of the pressure chamber. The pres-
sures in the high pressure chamber for the shock tube and the
low pressure chamber are denotedpayand p;, respectively.

The pressurg, has to be kept lower thap, ;e to Separate the
high pressure chamber from the low pressure chamber as the
initial condition. The distanceé* between the quickly opening



valve and the measurement position is taken to 410mm. The
driver gas is helium with the constant presspreand the test
gas is CQ at different initial pressurep; .

[———{driver gas] He-Ne laser
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Figure 2: Schematic diagram of the small scale shock tube

Measurement system

The laser differential interferometric measurement method was
developed by Smeets[7]. In particular, Smeets had developed
the laser differential interferometer and measured the interfer-
ometric fringe image same as existing measurement method.
However, the interferometer, which has a high resolution about
hundredth part of the wave length for the change of the optical
path difference, has been improved to measure the tone, which
is observed in the interferometric fringe, by the photo diodes.
For measuring the shock velocity and the density change caused
by the shock wave, we used a specially designed laser differen-
tial interferometer set up by Wollaston prisms, which is based
on the existing laser differential interferometer. The beam diam-
eter is about several hundred micrometers for preventing optical
curvature influences of the tube. The distance of the split beams
is 5.59mm.

Results and discussion

Detection of the shock wave

Figure 3 shows the typical density trace of a normal shock wave
structure in CQ obtained from the laser differential interfer-
ometer. The jump up of the signal is attributed to the fact that
the propagating shock wave crosses into the first laser beam.
The rapid falling down of the signal is attributed to the fact that
the propagating shock wave crosses into the second laser beam.
The distance between the initial jump up point and the rapid
falling down point is the time difference of the laser differen-
tial interferometer. The shock wave velocltg and the den-

sity changep,/p1 can be calculated from the density trace. The
partly dispersed wave is observed when the vibrational energy is
frozen. The relaxation effect can be slightly seen in this figure.
The thickness of the partly dispersed wave can also be calcu-
lated from the density trace. Figure 4 shows the typical density
trace of the fully dispersed wave structure in £ @hich is pro-
duced by the excitation of the vibrational energy, obtained from
the laser differential interferometer. The interferometric signal
seems very different from other figures fdy=270m/s, because,
before the jump up of the signal reaches the steady state, the
rapid falling down of the signal is already coming. The fully dis-
persed wave velocity can be calculated from this density trace.
However, calculating the density change is impossible on the

density trace because of the same reason as mentioned before.

At least, it is considered that the fully dispersed wave has the
thickness of 5.59mm, or more. Figure 5 shows the typical den-
sity trace of the partly dispersed wave structur€@, detected
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Figure 3: Density trace behind the shock wave in,Gibiven
by helium (p4=2000mbarp;=50mbarUs=490m/s)
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Figure 4: Density trace behind the shock wave in,Gibiven
by helium (p4=1175mbarp;=400mbarlUs=270m/s)

by the laser differential interferometer. Similarly, the partly dis-
persed wave velocity can be calculated from the density trace,
but calculating the density change is impossible because that the
drop down of the signal occurs before the increase of the signal
reaching the steady state. It is also considered that the partly
dispersed wave has the thickness over 5.59mm, only in the case
where the shock wave velocitg < Us < 300m/s.

Classification of the dispersed wave by the shock velocity

Figure 6 shows the classification of the dispersed waves based
on the shock wave velocitys from the experiments. The hori-
zontal and vertical axes are the shock wave velddifand the
initial pressure ratiqps/p1. The pressurgy keeps a constant
value for the different pressurgg. Two vertical dashed lines
correspond to the equilibrium sound veloc#yand the frozen
sound wave, respectively. It is confirmed that the shock wave
velocity, which has the fully dispersed wave shape, betvegen
anda; is presented by only one point in our experiments. The
partly dispersed wave occursat > Us.

The initial pressure ratio as a function of Mach number

The frozen specific heat is assumed that the vibrational modes
are frozen, and the behaviour of @@olecule is assumed to

be the same as for the diatomic gas. However, it cannot de-
scribe the fully dispersed wave from the real polyatomic gas.
Therefore, the assumption, that the vibrational mode is ex-
cited maintaining equilibrium with translational and rotational
modes, should be referred for the calculation of the Mach hum-
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Figure 5: Density trace behind the shock wave in,Gibiven
by helium (ps=1250mbarp; =390mbarlUs=300m/s)
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Figure 6: Classification of the dispersed wave by the shock ve-
locity

ber of the fully or partly dispersed wave as in the following
equation.

Us Us
Me = — = 16
2 VWRT (9

Figure 7 shows the Mach number of the fully or partly dispersed
wave. The horizontal and vertical axes are the Mach number of
the fully or partly dispersed wawils and the initial pressure
ratio p4/ps. Itis confirmed that the Mach number of the fully
dispersed wave occurs in the very weak shock region, and the
Mach number of the fully dispersed waveN=1.012 in this
case. Itis expected that the presspyebecomes important for
the influence of the friction effects with smaller shock tubes.
The Mach number increases with increasing the initial pressure
ratio ps/p1, at least lower pressung,. Furthermore, figure 7
shows the very interesting result that the maximum Mach num-
ber occurs, and two different valuesmyf/ p; for the same Mach
numberMs. It occurs at higher Mach number regionmskeeps
constant with changing;.

Conclusions

The weak shock wave and the fully or partly dispersed wave
have been produced in a small scale shock tube with a specially
designed laser differential interferometer by using helium and
CO; as driver and test gas as shown in figures 3, 4 and 5. Itis
possible to calculate the density change from the interferometric
signals, but impossible in the case of the signals with dispersed
wave. Similarly, the thickness of the fully or partly dispersed
waves can be measured. However, it is not calculated because
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Figure 7: The Mach number of the fully or partly dispersed
wave

the density jump does not arrive at steady statesMgat. The
fully dispersed wave, which has the velodity=270m/s, occurs
between the equilibrium sound velocay and the frozen sound
velocityas. The maximum Mach number for the same pressure
pa is strongly influenced, by the friction effects between the
shock tube wall and the moving gas behind the shock wave.
The higherps/p; value is combined with the smaller pressure
p1, and induced by a higher friction resistance, which again
introduces two different pressure ratipg/ p; for the sameMs.
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