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ABSTRACT

Gas flows through micro shock tubes are widely used in many engineering applications such as micro engines, particle
delivery devices etc. Recently, few studies have been carried out to explore the shock wave excursions through micro
shock tubes at very low Reynolds number and at rarefied gas condition. But these studies assumed centered shock and
expansion waves, which are generally produced by instantaneous diaphragm rupture process. But in real scenario, the
diaphragm ruptures with a finite rupture time and this phenomenon will significantly alter the shock wave propagation
characteristics. In the present research, numerical simulations have been carried out on a two dimensional micro shock
tube model to simulate the effect of finite diaphragm rupture process on the wave characteristics. The rarefaction effect
was simulated using Maxwell’s slip wall equations. The results show that shock wave attenuates rapidly in micro shock
tubes compared to conventional macro shock tubes. Finite diaphragm rupture causes the formation of non-centered
shock wave at some distance ahead of the diaphragm. The shock propagation distance is also drastically reduced by the

rupture effects.
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1. Introduction

Shock tube is a device which generates a moving shock
front and associated expansion and contact waves, by the
sudden expansion of gas from high pressure to a low
pressure region. This moving shock front produces high
speed and high temperature flow fields which are re-
cently employed in many micro devices, using micro
shock tubes. The flow field in a conventional shock tube
was extensively studied and documented in many of the
past works [1,2]. But as the flow dimension reduces the
Reynolds number decreases and leads to more prominent
viscous effects. This leads to attenuation of shock

strength and eventually leads to less propagation distance.

Shock wave also suffers attenuation as the initial operat-
ing pressure reduces. This has been pointed out by the
experimental studies conducted by Brouillette [3] on a
shock tube of 5.3 mm diameter. They established a scal-
ing factor which relates the diameter and initial pressure
dependency on shock propagation.

Another important effect associated with micro scale
flows are rarefaction effects. The effect of rarefaction on
a low speed micro channel flows have been widely stud-
ied in the past. Karniadakis [4] provided detailed infor-
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mation on such rarefied fluid dynamics at low speed. It is
also well known that the near wall fluid slips as the flow
becomes rarefied. But the effect of rarefaction in high
speed flows, such as in the case of shock tubes, have got
little attention in the past. The initial effort to study the
effect of rarefaction on micro shock tube flows was car-
ried out by Zeiton [5,6]. There numerically study showed
that the shock propagation distance increases due to the
slip effects.

But these studies on micro shock tube assumed an in-
stantaneous opening of diaphragm which produces cen-
tered expansion and shock wave. But in real case, the
diaphragm ruptures gradually and the flow evolves from
the high pressure chamber to the low pressure chamber
progressively. This produces non centered waves in the
shock tube and the propagation characteristics of the
wave shows differences compared to the sudden rupture
process. A series of compression waves will be produced
in this process and the flow field near the diaphragm be-
comes extremely complex.

The main complexity associated with the simulation of
diaphragm rupture is to identify the actual rupture proc-
ess. The research done by Hickman [7] proposed that the
diaphragm initially bulges and then the rupture initiates
at the diaphragm center. He also developed a mathe-
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matical relation to quantify the opening area with respect
to the strength parameter of the diaphragm. Later Outa [8]
proposed a cosine opening function for the diaphragm
opening radius with respect to time. Recently, Matsuo [9]
assumed a quadratic opening function for the opening
radius with respect to time for their shock tube studies to
determine the diaphragm rupture effects at different
pressure ratios. They also performed experimental stud-
ies to determine the rupture time at different pressure
ratios for a shock tube of 65.5 mm diameter.

In the past there have been some studies to mathe-
matically model the diaphragm rupture process and its
effect on macro shock tube flow fields [10,11]. But in the
case of micro shock tubes the unsteady shock evolution
and the associated flow field with a finite diaphragm
rupture process is even more complicated due to the slip
and boundary layer effects. However, to the author’s
knowledge, there is no CFD study to simulate this effect
on micro shock tube flows to date.

In the present study a 2D axi-symmetric CFD ap-
proach was used to simulate the unsteady flow evolution
and shock propagation inside a micro shock tube consid-
ering the diaphragm rupture process. Three different
mathematical functions were used to replicate the rupture
process and were compared with the experimental data
provided by Matsuo, to obtain the optimum opening
function. The optimum opening function obtained from
the macro shock tube studies were later used to simulate
the diaphragm rupture process for micro shock tube.

2. Numerical Simulation
2.1. Computational Domain

For the present study an axi-symmetric shock tube model
of 3 mm diameter was considered as shown in Figure 1.

2.2. Mesh Independence Study

The numerical simulation results have a strong depend-
ency on mesh quality and distribution. So to optimize the
grid for reducing the numerical errors, a mesh independ-
ence study was carried out. For mesh independence study,
four different grids were considered for the simulation
with same pressure ratio (P4/P;) of 100 and with initial
driven pressure of 100 Pa. The static temperature distri-
butions along the axis for different mesh simulations
were compared and are shown in Figure 2. The fourth
mesh which is not producing much deviation in results
from its preceding mesh was used for all the future stud-
ies.

2.3. Governing Equations

The flow physics was mathematically modeled using
unsteady Reynolds Averaged Navier-Stokes equations.

Copyright © 2012 SciRes.
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Figure 1. Schematic diagram for micro shock tube (¢3 mm).
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Figure 2. Static temperature distributions along center line
at =10 ps on different grids.

The governing equations in the cartesian form can be
written as,

Continuity
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The shock disturbance produces flow fluctuations to
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the downstream boundary layer which makes the flow
either transitional or turbulent, even though the diameter
is very small. SST k- model was used to predict the
turbulent eddies. In this model the turbulent viscosity is
calculated by solving the transport equation for turbulent
kinetic energy (k) and the specific dissipation rate () as
shown in the below equation.

%Jri( ku[)zi rk% +G, -Y, 3)

ot Ox Oxj ox,
962, 0 pau)=2|1, 224G, -v,+D, (6
ot ox oxj ox;

The working gas was considered to obey ideal gas law.
The flux component of the governing equation was dis-
cretized using AUSM scheme. A second order implicit
scheme was used for the temporal discretization. The
extrapolation of cell centre values to the face centers was
done using third order MUSCL schemes. The governing
flow equations were solved in a coupled manner using
commercial solver, Fluent. To account for the rarefaction
effects which happen at low pressure Maxwell’s slip ve-
locity and temperature jump equations, as shown below,
were employed. User defined functions were used to in-
put these equations to the solver and subsequent to each
flow iteration the pre defined functions for slip condi-
tions were called into the solver and executed to update
the near wall fluid velocity and temperature.

2-a, |4
U,-U, :[ - JE(Ug—UC) (7)
2—a; |4
T.-T,=2 L \Z(T, -T 8
s w { aT Jé‘( g c) ( )
kT
A=—B 9
nop ®

Here the subscript g, ¢ and w refer to gas, cell centre and
wall quantities respectively. @, and «, are the momentum
and thermal accommodation coefficients respectively. A
is the molecular mean free path.

2.4. Gradual Diaphragm Rupture Modeling

To replicate the gradual diaphragm rupture process, the
total diaphragm radius was divided into thirty segments.
Each segment length was determined using some math-
ematical function which relates the opening radius at
each opening time intervals. Three cases were simulated
with different opening functions as shown below, to de-
termine the accuracy of different opening processes.
Linear Opening:

r=9.931xt (10)

Copyright © 2012 SciRes.

Cosine Opening (by Outa):

d? n(t-t Y
F_I_COS[E( 7 j} (11)

Quadratic Opening (Matsuo):

- [(%) Tj (12)

The simulation results were compared to the experi-
mental study carried out by Matsuo on a shock tube of
65.5 mm diameter and pressure ratio of 2. In the experi-
ment, pressure variations in the driver section at a loca-
tion 150 mm downstream of the diaphragm were moni-
tored. Figure 3 shows the comparison of the pressure
distributions obtained from the numerical studies with
different diaphragm opening process to the experimental
value. The operating condition details for different cases
are shown in Table 1. It can be noticed that the quadratic
opening functions shows much closer result compared to
the experiment and is used for modeling the rupture pro-
cess for all future studies.

Other opening processes using the cosine and linear
functions shows a much deviation from the experimental
pressure values. This may be due to the fact that the
initial diaphragm opening process for these functions

Table 1. Initial conditions for different opening functions.

Cases Dia P4/P, P, (Pa) Opening Function
1 65.5 mm 2 50,662 Linear
2 65.5 mm 2 50,662 Cosine
3 65.5 mm 2 50,662 Quadratic
1.14 — EXPERIMENTAL
— LINEAR OPENING
. COSINE
15 — QUADRATIC

0.9 1

Static pressure Ratio (P/P4)

0.8 1
0.7 4 ® Head ¢, Tail Locations for Experiment
A Head ¢, Tail Locations for Quadratic Opening
e ® Head ¢, Tail Locations for Linear Opening
' ¢ Head ¢, Tail Locations for Cosine Opening
0.5 T - - . -
0 0.2 0.4 0.6 0.8 1

Time (ms)

Figure 3. Static pressure comparisons in the driver section
for different cases at X/D = —2.29.

OJFD



238 A.K.RAJAGOPAL ET AL.

produces a slow rupture process where as for quadratic
the initial rupture process will be rapid. Due to this rea-
son the flow evolution will be slower for the cosine as
well as the linear functions and produce deviations in the
pressure values. This can be clearly noticed from Figure
4, which shows the diaphragm opening radius for differ-
ent functions at various times.

The present research focuses on diaphragm rupture ef-
fects on micro shock tube flows. For the current study,
the rupture time for a micro shock tube of 3mm diameter
was derived from the experimental study on a conven-
tional macro shock tube by Matsuo, using a linear inter-
polation technique as discussed below.

The diaphragm rupture time mainly depends on three
factors such as diaphragm area, net pressure (P4-P;) act-
ing across the diaphragm, diaphragm thickness.

It was assumed that the diaphragm ruptures mainly
due to the external force used to rupture the diaphragm.
The pressure forces acting across the diaphragm will be
considerably small due to lower operating pressure. In
the experimental study the diaphragm was ruptured using
an external force provided by a needle. So this assump-
tion holds good for the present case considered. Since the
diaphragm rupture force and thickness are now same for
macro as well as micro shock tubes, the total rupture time
will depends only on the rupture area. It was also as-
sumed that the diaphragm rupture time obeys a direct
relationship with rupture area. By using this relation the
rupture time for a 3 mm shock tube can be easily found
out from the experimental 65.5 mm shock tube result and
is found to be 0.45 ps.

3. Results and Discussion

For the current research a micro shock tube of 3 mm with
a pressure ratio of 100 and driven pressure 100 Pa was
considered. The very low pressure considered in the
driven tube induces rarefaction effects which produce
wall slipping effects. Two cases, one with slip wall and
other with no-slip wall, were simulated to investigate the
deviation in shock propagation characteristics under slip
effects. All further investigations were carried out with
slip conditions.

The very low pressure consideration in the driven sec-
tion causes the Knudsen number to increase, 0.023 for
the present case, which eventually makes the flow transi-
tional where the wall attached fluid slips. The slip effects
reduce the wall resistance to flow and helps in the prop-
agation of shock front compared to no-slip condition.
From Figure 5, which shows the static temperature dis-
tributions for slip and no slip case, the advantage in
shock propagation for slip case can be clearly visualized.
The previous studies conducted by the authors on a micro
shock tube with suddenly ruptured diaphragm gives a

Copyright © 2012 SciRes.
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Figure 4. Diaphragm opening area variation with respect to
time based on different opening functions.

§ Contact Surface Shock Wave

=05

3

=

i)

a Axis
= [ TR
S 0.66 1.33 2.0 2.66

~ Axial Distance (X/D)

0.66 1.33 2.0 2.66
Axial Distance (X/D)

Radial Distance (r/D)

Figure 5. Static temperature distributions for slip and no
slip cases at 7 =10 ps.

detailed discussion on the shock propagation characteris-
tics under the slip flow [12].

For the unsteady diaphragm rupture case, due to the
gradual rupture process of the diaphragm, the flow evo-
lution into the driven section takes place gradually. This
leads to the formation of several compression waves
which will overtake each other and results to the forma-
tion of shock wave. The flow evolution process during
the finite diaphragm rupture process is shown in Figure
6, using temperature contours at different opening times.
From Figure 6, the development of contact surface and
shock wave are clearly visible as a rise and dip in tem-
perature values, respectively.

Because of the gradual opening consideration, a fully
developed flow into the driven section takes some time.
Due to this factor, the shock front will be generated after
some particular distance ahead of the diaphragm where
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Figure 6. Static temperature distributions in the driven section at different diaphragm opening stages.

as for a sudden rupture case an instantaneous production
of shock front can be visualized. The temperature ratio
across the shock is a direct indication for the shock
strength and this is being compared along the length, as
shown in Figure 7, which clearly explains the formation
distance for shock front.

The ideal invicid shock tube equation explains that the
shock strength will be a constant value. But for micro
shock tubes, shock strength continuously attenuates due
to viscous losses, finite diaphragm rupture process and
turbulent losses. As a result of this the shock front with
in a micro shock tube propagates much shorter distance
compared to conventional macro shock tube.

Copyright © 2012 SciRes.

Figure 8 shows the shock strength variation in a micro
shock tube with sudden and gradual diaphragm rupture.
The finite rupture effect causes further attenuation in
shock strength compared to the sudden rupture case. This
is because of the flow losses happening during the dia-
phragm rupture period.

Due to the reduction in shock strength for gradual
rupture case compared to sudden rupture case, the shock
propagation speed will be lesser for the former case and
travels a much shorter distance at any particular time.
Figure 9 shows the shock locations for sudden and
gradual diaphragm rupture conditions at various times.
The shock speed attenuation for gradual rupture case can
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Figure 7. Static temperature ratio distributions across the
shock front for quadratic diaphragm rupture process at
various times.
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Figure 8. Shock strength variations for sudden and gradual

diaphragm rupture process at various times.
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rupture process along the center line.
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be clearly visualized from this figure.

4. Conclusion

In the present study the effect of diaphragm opening
process on the shock evolution and propagation with in a
micro shock tube was studied using numerical techniques.
Three different opening functions where chosen to repli-
cate the diaphragm rupture process and the one with a
quadratic opening function produce more reasonable
matching with the experimental results. The finite dia-
phragm opening process causes a gradual flow evolution
process during the initial rupture process. This leads to
the development of compression waves which coalesces
to form a moving shock front. Thus the shock front will
be developed at a particular distance ahead of the dia-
phragm. The finite rupture process also causes a reduc-
tion in shock strength compared to the sudden rupture
case. This reduces the shock speed and leads to a lesser
shock propagation distance compared to sudden rupture
case.
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