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Abstract

Micro shock tubes have been widely used in many engineering and industrial applications, but their performance and detailed flow
characteristics are not well known. Compared to macro shock tubes, unsteady flows related to the moving shock waves in micro shock
tubes are highly complicated due to more active viscous dissipation and rarefaction effects. This makes shock wave dynamics signifi-
cantly different from theoretical predictions. One of the major flow behaviors related to the shock wave propagation in micro shock tube
is that the boundary layer growth leads to stronger dissipative shock wave. Due to effects of the scale, more shock wave attenuation hap-
pens in micro shock tubes. We used a CFD approach to understand the flow characteristics in a micro shock tube with finite diameter. A
fully implicit finite volume scheme has been employed to solve the unsteady compressible Navier-Stokes equations. The diaphragm
pressure ratio and diameter of the shock tube were varied to investigate their effects on micro shock tube flows. Based on the predicted
results, some wave diagrams were built to characterize the micro shock tube flows. Detailed flow structures between the contact surface

and moving shock wave were analyzed during the present study.
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1. Introduction

Due to their simple structure and micro scale, micro shock
tubes have been widely used in various engineering applica-
tions, such as micro turbines, micro combustions, and needle-
free delivery systems. Micro shock tubes, being similar to
conventional shock tubes of larger scale, consist of the driver
section and driven section, which are separated by a suitable
diaphragm. Due to the pressure difference between the driver
section at a high pressure and the driven section at a relatively
low pressure, sudden rupture of the diaphragm leads to un-
steady flow with shock waves in the shock tube. The shock
wave and contact surface move towards the driven section and
the expansion head moves into the driver section. Compressi-
ble flows with moving shock waves demand further consid-
eration of dissipative effects which are usually absent in
macro shock tube flows. Although shock waves have been
extensively studied over the last century, there are still some
remaining unexplored and unexplained effects on shock wave
propagation in micro shock tubes.

The contact surface is an imagined surface of separation be-
tween the driver gas and shock heated gas. The temperature of
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the flow in the front of contact surface is much higher than
that behind the contact surface, but pressure and velocity of
the flow are same in these two regions. The contact surface is
accelerated in the region between the shock wave and contact
surface due to boundary layer formation. However, the meas-
urement of its discontinuity is not easy.

Viscous and rarefaction effects caused by low driven pres-
sure and micro scales become more prominent in micro shock
tubes. Compared to macro shock tubes, these mentioned ef-
fects make micro shock tubes show different shock wave dy-
namic behavior. One of the major changes related to the decay
of shock wave propagation is that the boundary layer growth
makes the shock wave more attenuated. Heat conduction phe-
nomena, commonly ignored in conventional shock tubes, play
an important role in the micro scale shock tubes, and viscous
stresses attenuate both velocity of the flow and shock wave
propagation, which makes experimental study difficult to per-
form compared to numerical analysis. Flow characteristics
have been studied by theoretical analysis, numerical simula-
tions and experiments by a great number of researchers in
different micro shock tubes.

The viscous loss associated with the boundary layer growth
attenuates the shock wave propagation, which was observed
by Duff [1]. An electron beam densitometer was used for ob-
serving shock velocity attenuation in a low pressure shock
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tube. The initial pressure ratio was also observed to influence
the shock strength. Zeitoun et al. [2, 3] studied the application
of unsteady Navier-Stokes equations coupled with the velocity
slip and temperature jump boundary conditions to micro shock
tube flows. Knudsen number as an important parameter to
investigate micro flow was calculated for simulated cases.
Results showed that the unsteady Navier-Stokes equations
modeling the micro flow with no-slip wall boundary condi-
tions were valid if Kn was less than 0.01. A strong decrease in
the shock strength and the flow velocity along the micro shock
tube was observed. The decay of shock wave strength was
stronger at lower initial pressure and smaller tube diameter.

Brouillette [4] investigated unsteady micro-scale compressi-
ble flows experimentally. He introduced a control volume
model and proposed a scaling parameter S which consists of
the Reynolds number Re in the region between the shock wave
and contact surface multiplied by the shock tube diameter D
and divided by the distance 4 L as is shown in Eq. (1). L is the
distance between the shock wave and contact surface. Diffu-
sive effects of the friction and heat conduction were studied at
low S values in micro shock tubes of low Reynolds number.
Results showed that the model predicted the shock wave at
small scale to experience much loss in strength and the mini-
mum shock wave velocity determined by viscous effects could
become subsonic. In addition, experimental results had quanti-
tative agreement with the theoretical conclusion from the pro-
posed model at low driven pressures in shock tubes.

Rex D
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Mirels [5] introduced an analytical method to evaluate
boundary layer influence on shock wave propagation. It was
assumed that the shock wave moves with uniform velocity,
and the flow was investigated in a shock fixed coordinate
system. Taking the deviation of free stream conditions be-
tween the shock wave and contact surface into account, the
parameter 3 proposed by Roshko, appeared to agree with ex-
perimental data to within about 10 percent for shock Mach
numbers greater than 5. The basic theory also had agreement
with the previous results from Roshko’s work.

Sturtevant [6] and Tanaki et al. [7] investigated the influ-
ence of boundary layer on the shock wave propagation at dif-
ferent boundary conditions. Good agreement was observed
between simulations and theoretical results for the laminar
portion of the boundary layer. Ngomo et al. [8] studied the
wall friction and heat transfer effects on the shock wave
propagation in a micro shock tube. They found that diffusive
shear stresses and energy losses near the wall significantly led
to shock wave attenuation. Sun et al. [9] performed numerical
and experimental studies on shock wave propagation in nar-
row channels with height ranging from 1 mm to 16 mm. The
channel flow was visualized by using double exposure holo-
graphic interferometery technique, and pressure transducers

were used for recording pressure changes at different locations.

Experimental results had a good agreement with numerical
results.

Hu et al. [10] did an experimental study on the shock wave
attenuation compared to the theoretical results. A decrease in
shock wave velocity was observed at different low Reynolds
numbers. Results showed that the viscosity of the flow domi-
nated the shock wave attenuation as the shock wave propa-
gated in the overlong channel. Bhasakaran [11] used chemical
kinetics and high temperature gas flow to study flows in shock
tubes. Based on the Knudsen number, which indicates the
rarefaction effects, K. R. Arun and H. D. Kim [12, 13] per-
formed computational studies to investigate the shock wave
propagation under different pressure ratios, shock tube diame-
ters and wall boundary conditions. The results indicated shock
wave propagation is attenuated by viscous boundary layer
formation, and the decay of the shock wave increases drasti-
cally with reduction in diameter. Park et al. [14] investigated
shock wave propagation and shock wave attenuation. Results
indicated shock wave attenuation happened much more in the
micro shock tube of smaller scale.

This paper mainly focuses on observing shock wave propa-
gation, contact surface propagation and on giving an indepth
analysis for shock wave attenuation at different boundary
conditions. Numerical investigations on shock wave and con-
tact surface propagation were carried out in different micro
shock tube models. Effects of different diaphragm pressure
ratios were investigated by keeping constant pressure in the
driven section. Influences of the shock tube diameter on shock
wave propagation, shock wave attenuation and boundary layer
development were also studied. The contact surface propaga-
tion was investigated by obtaining velocity profiles and loca-
tions of the contact surface. The distance L between the shock
wave and contact surface was obtained for determining the
scaling parameter S, which indicates effects of the scale. CFD
results were compared with theoretical conclusions and ex-
perimental results.

2. Theoretical analysis

2.1 Shock tube theory

After a diaphragm is ruptured, the shock wave and contact
surface move into the driven section with Mach number Mg
and M, while the expansion wave moves towards the driver
section. From inviscid theory, the flow viscosity is not taken
into account. In the ideal shock tube, the working gas is as-
sumed to be perfect gas with a constant y and an initially con-
stant temperature. Based on the initial diaphragm pressure
ratio P4/P,, shock Mach number Mg, contact surface Mach
number Mc, expansion head velocity Ugy and expansion tail
Mach number Mgy can be calculated as:

P 2 -1 ARG
e 1+L(MS2_1) N4 M,——
A 7+l vatla, M
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These equations indicate that shock wave and contact sur-
face Mach number, expansion head velocity and expansion
tail Mach number remain constant in the micro shock tube as
all conditions are fixed. As the diaphragm pressure ratio in-
creases, Mg, M¢ and Mgy will also increase, but Ugy will stay
constant. However, due to the attenuation in the real shock
tube flow resulting from viscous and rarefaction effects, shock
wave and contact surface Mach number will differ from the
theoretical solutions from inviscid shock tube theory. Shock
wave Mach number will gradually decrease, but contact sur-
face velocity will gradually increase. The expansion head
velocity and expansion tail Mach number will also decrease.
The formation and development of the boundary layer behind
the shock wave is the main reason for this.

Reynolds number was calculated with 6.2><104, so a turbulent
boundary layer happened in present shock flows. In addition,
this also resulted in full turbulent flow in both driver and driven
sections. The turbulent boundary layer leads to a larger momen-
tum and energy losses of the flow than the laminar boundary
layer as well as more rapid decay of shock wave strength. The
boundary layer can be obviously seen in the Fig. 1.

2.2 Scaling parameter S

The momentum conservation related to effects of the micro
scale or low Reynolds numbers can be expressed with Navier-
Stokes equations from Ref. [15].
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To simplify Eq. (6), the x direction component of the mo-
mentum equation for axisymmetric flow is given as:
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where u = u(x, r) represents the axial velocity of the gas and v
is the radial velocity of the gas in micro shock tubes. Assum-
ing that the radial velocity of the gas is zero, incorporating the
mass conservation and averaging the velocity Laplacian in the
radial direction leads to the following equation.
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where C, is a constant used to parameterize the radial velocity
gradient in terms of the bulk velocity of fluid inside the shock
tube and the diameter of the shock tube. The comparison be-
tween this new momentum source in one-dimensional formu-
lation which is derived by averaging the gradient of velocity in
the shock tube and the convective momentum transfer is ob-
tained as:

u
D Y, L
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This clearly shows that the G value is related to the distance
L between the shock wave and contact surface, the tube di-
ameter Dy, and the Reynolds number in the region between the
shock wave and contact surface. Brouillette [4] introduced a
term that is related to G. the term was expressed as S =
Re*D/4L = 1/4G, which indicates effects of the scale on shock
wave propagation.

Diffusive transport phenomena, such as the heat conduction
and shear stresses, lead to remarkable deviation in flow char-
acteristics compared to ideal shock wave behaviors in a micro
shock tube as demonstrated by Brouillette. A control volume
encompassing the region between the shock wave and the
contact surface was proposed to quantify effects of the scale
and diffusive transport phenomena on shock wave propaga-
tion as is shown in Fig. 2. SW, CS and EW, respectively, rep-
resent shock wave, contact surface and expansion waves. Due
to diffusive transport effects, there could be a resistance force
acting on the control volume, the influence of viscous stresses
on shock tube walls, and heat conduction to the walls. With
this control volume approach, the friction and heat transfer to
side walls are described by appropriate source terms. As the
shock wave and contact surface propagate in the driven sec-
tion, the control volume becomes larger and larger due to
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Fig. 2. Control volume used in the study of diffusive effects in the
micro shock tube.

large velocity difference between the shock velocity and con-
tact surface velocity.
Based on the control volume model, the scaling parameter S

= Re*D/4L which indicates effects of the scale was used in Eq.

(10).
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The S value is a noticeable parameter to indicate effects of
the scale. Reynolds number and the distance between the
shock wave and contact surface should be obtained to calcu-
late S. Note that Re = up,D/p,. The Reynolds number de-
pends on the velocity of the gas, density of the gas and dy-
namic viscosity in the region between the shock wave and
contact surface. Indeed, effects of the scale are affected by
Reynolds number and the length L of the control volume.
Effects of the scale increase with the decrease of Reynolds

(10)

number and the increase of the distance between the shock
wave and contact surface. As the shock wave and contact
surface move in the micro shock tube, these parameters al-
ways change. This equation indicates that a smaller S value
will have more obvious effects on calculating density ratio
between the front and after of shock wave. Small Reynolds
number and larger distance L will contribute to smaller S val-
ues. If S becomes infinite, effects of the scale can be ignored.
This happens in shock tubes with large diameters and high
Reynolds numbers.

2.3 Shock wave attenuation

Much more attenuation happens in micro shock tubes com-
pared to macro shock tubes, so it is meaningful to study the
decay of shock wave with quantitative methods in micro
shock tubes. This can provide an easy way to understand the
shock wave propagation. Based on the previous studies, under
turbulent flow conditions, the shock wave attenuation AP/AP;
is given by the following equation proposed by Xiao Hu [10].

0.115
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Fig. 3. Schematic of computational domain.

where AP is the shock strength of each testing point and

AP ; is original point's shock strength (x/D = 0). As the
shock wave propagates in the micro shock tube, more and
more decay of the shock wave happens due to the friction
between the shock wave front and shock tube walls. In addi-
tion, boundary layer formation behind the shock wave also
contributes to the shock wave attenuation.

3. Computational study

3.1 Computational domain

Unsteady flows were simulated at different initial condi-
tions in micro shock tube models. The driver section and
driven section were filled with an ideal gas. For the present
study, a 2D axisymmetric micro shock tube model was nu-
merically simulated (Fig. 3). All sections are circular in cross-
section with the same diameter. The driver section L, is 50
mm long and the driven section L, has a length of 100 mm.
Five points mounted at the axis of the simulated shock tube
model are used for recording pressure changes as shock wave
moves through these locations.

3.2 Numerical schemes

To observe the detailed characteristics of unsteady flow,
fine structured quad grids were created with boundary layers
near walls in all simulation regions. Fine boundary layer grids
are required to exactly analyze boundary layer effects on
shock wave attenuation. The driver section and the driven
section were filled with air assumed as ideal gas., The Knud-
sen number was calculated with Kn = 4.12 x 107, so the flow
properties were mathematically analyzed by using unsteady
Reynolds Averaged Navier-Stokes equations. The Reynolds
number approximated 6.2 x 10* in the present micro shock
tube, so the turbulence model was solved by SST k- model.
Sutherland viscosity model showing variable viscosity with
temperature change was used as viscosity model. AUSM
scheme was used as the flux model and the second order im-
plicit scheme was used for temporal discretization. Spatial
discretization was described by using second order upwind
scheme. The driver and driven sections were patched with
corresponding initial pressures.

3.3 Boundary conditions

Effects of the diaphragm pressure ratio and shock tube di-
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Table 1. Detailed parameters for different CFD cases.

Cases P, (atm) P4/P, T4 (K) Diameters (mm)
1 15 15 300 6
2 30 30 300 6
3 15 15 300 3

ameter were studied at different initial pressures in driver sec-
tion and different shock tube diameters. Both sections were
initialized with the constant total temperature of 300 K. The
detailed conditions are given in Table 1.

Commercial solver, Fluent, was used for the simulation of
the present micro shock tube models. The mesh size for the
simulated model was 156,000 and the minimum cell led to an
iteration time step size of 10®s. The driver section was filled
with high pressure ideal gas of 15 atm or 30 atm, and atmos-
pheric pressure was specified in the driven section.

The diaphragm boundary condition was instantaneously
removed, which was regarded as the diaphragm being sud-
denly ruptured. Before the diaphragm was ruptured, in order
to check the initializations and boundary conditions, the simu-
lation was performed in some time. After this, the diaphragm
was suddenly ruptured. Wall boundary conditions were no-
slip and adiabatic walls. For the no-slip wall, the velocity of
the flow adhered to the wall was zero (u = 0, v = 0). The axial
velocity of the flow increases from zero near the wall to full
velocity at the axis in radial direction. The wall temperature
was kept a constant of 300 K, so no heat transfer happened
between shock heated gas and tube walls.

3.4 Validation

To validate the accuracy of the numerical methods used in
the present study, experimental results and CFD results were
compared. The experimental data was taken from Ref. [14]
where a shock tube of 6 mm diameter was studied at dia-
phragm pressure ratio of 6. The driver section was initialized
at the pressure of 6 atm, and the driven section was kept at
atmosphere pressure. Shock wave and expansion wave propa-
gation curves were obtained as is shown in Fig. 4. SW and EH,
respectively, represent shock wave and expansion head. The
shock wave moved towards the driven section, and the expan-
sion head moved towards the opposite direction. Results show
that acceptable deviations were observed except that more
attenuation happened in the experimental study due to much
more viscous effects in real gas. High viscous effects caused
by high temperature happened due to the shock wave heating
the real gas behind the shock. In addition, the heat transfer
between shock heated gas and tube walls also resulted in
much attenuation in the experimental study. For CFD study,
the walls were assumed to be adiabatic walls with constant
temperature of 300 K. Therefore, simulation schemes used for
the present study can predict flow characteristics in micro
shock tubes.
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Fig. 4. Comparison between experimental and CFD waves locations at
various time (D = 6 mm).
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Fig. 5. Shock wave, contact surface and expansion waves locations at
various time (D = 6 mm).

4. Results and discussion

Different initial driver pressures were used to study the
propagation of waves as is shown in Table 1. As expansion
waves did not reach the end wall in the driver section, loca-
tions of shock wave, contact surface and expansion waves
were obtained as an x-t waves diagram in Fig. 5. SW repre-
sents the shock wave, and CS is contact surface. ET represents
expansion tail, and EH is expansion head.

Compared to theoretical results calculated from inviscid
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Fig. 6. Temperature contours at various time.

shock tube theory, reasonable deviations show that viscous
effects attenuate shock wave, contact surface and expansion
wave propagation in CFD simulations. Shock wave and con-
tact surface at pressure ratio of 30 propagated much faster than
that at pressure ratio of 15. This indicates that initial dia-
phragm pressure ratio influences shock wave strength and
contact surface propagation. As the diaphragm pressure ratio
increases, shock wave and contact surface Mach number also
increase, which shows a good agreement with theoretical re-
sults calculated from Egs. (2) and (3). In addition, the expan-
sion tail velocity increases as well. The expected attenuation
in wave propagation is obtained in this simulation, which re-
sults from viscous effects, the friction between shock wave
front and tube walls, and the boundary layer formation behind
the shock wave. T=0.02 ms T=0.04 ms T =0.06 ms T =0.08 ms

The locations of shock wave and contact surface from the
diaphragm can be easily seen from the temperature contours,
as is shown in Fig. 6. The shock wave moved faster than the
contact surface. This led to the distance between shock wave
and contact surface becoming larger and larger. The distances
were obtained to calculate S values at different time in the
micro shock tube.

The shock wave attenuation from experimental and CFD
results are compared with theoretical results calculated from
Eq. (11) as is shown in Fig. 7. Five fixed points along the axis
were used for recording pressure changes in CFD simulations
as the shock wave moved through the driven section.

As the shock wave propagated through the driven section,
shock wave attenuation gradually increased. The main reasons
are that a turbulent boundary layer, where the momentum and
energy of the flow inside the boundary layer decrease, devel-
oped behind the shock wave and friction occurred between the
shock front and tube walls. This made the shock wave lost
strength. The deviation between experiment results and theo-
retical calculations is more obvious, which indicates much
more viscous effects exist in the real gas. Much more decay is
observed in the shock tube with 3 mm diameter, compared to
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Fig. 7. Shock attenuation distributions for different cases.
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Fig. 8. S value distributions for different cases.

that in the 6 mm diameter shock tube. This demonstrates that
effects of the scale have obvious influence on shock wave
propagation in shock tubes of micro scale.

The distributions of scaling parameter S calculated at differ-
ent diaphragm pressure ratios and shock tube diameters are
shown in Fig. 8. As the shock wave moved in micro shock
tube, the S value decreased because the distance L used in the
scaling parameter S between the shock wave and the contact
surface became larger. Relatively high S values in three cases,
as is shown in Fig. 8, can be attributed to the reason that high
Reynolds numbers were calculated from present cases. S val-
ues at the shock tube diameter of 6 mm are much higher than
at the shock tube diameter of 3 mm due to higher Reynolds
numbers caused by the larger diameter. S values are higher at
pressure ratio of 30 compared to that at pressure ratio of 15 in
the shock tube of same diameter, which results from higher
Reynolds numbers caused by higher flow velocity in the re-
gion between shock wave and contact surface at higher dia-
phragm pressure ratio.

A smaller S value, indicating that effects of the scale are
more obvious on shock wave propagation, demonstrates that
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Fig. 9. Velocity distributions of shock wave and contact surface for
different tube diameters.

much more attenuation happened in shock tubes of micro
scale. From the theoretical Eq. (10), it is well known that as S
value decreases, the effect of S value on calculating density
ratios becomes more prominent. This shows high S value is
not suitable to show effects of the scale on shock wave propa-
gation. A smaller tube diameter and lower pressure in the
driven section can lead to smaller S values that show expected
effects of the scale.

The shock wave and contact surface velocity distributions
are clearly shown in Fig. 9. The distance L between the shock
wave and contact surface used to calculate the scaling parame-
ter S can be obtained. The shock wave velocity gradually de-
creased in both cases due to effects of the friction between the
shock front and tube walls and the boundary layer developing
behind the shock wave. The contact surface velocity gradually
increased due to the boundary layer formation. Boundary lay-
ers near tube walls form behind the shock wave, which makes
the contact surface propagation similar to that the contact sur-
face moves through a virtual converging-diverging nozzle that
accelerates the contact surface. As the contact surface velocity
increased, the Reynolds number in the region between the
shock wave and contact surface increased, and the distance L
between the shock wave and contact surface also increased.
This resulted in the decrease of S values due to the increase
rate of L being faster than that of Reynolds number.

Shock wave velocity decreased faster, but contact surface
velocity increased faster in the shock tube with smaller diame-
ter. This is because a thicker boundary layer developed behind
the shock wave in the smaller diameter shock tube.

Temperature contours indicating the thickness of the
boundary layer are given in Fig. 10. In the boundary layer, the
velocity of the gas increases from zero on the wall surface to
the maximum velocity of the flow. A turbulent boundary layer
causes a larger momentum loss of the gas and leads to the
rapid decay of the shock wave strength.

A larger boundary layer thickness was observed at a shock
tube diameter of 3 mm compared to that in the 6 mm diameter

Case 3: Pr=15, 7D=3mm

BT [ T T 7T [ 7 [

160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460

Fig. 10. Temperature distributions for different cases at t = 0.03 ms.

shock tube. The boundary layer affects shock wave propaga-
tion with much more dissipation and viscous loss in shock
tubes with smaller diameters. This makes the shock wave
experience more attenuation. The contact surface at a shock
tube diameter of 3 mm propagated faster compared to that at
the shock tube diameter of 6 mm due to the thicker boundary
layer. The thicker boundary layer makes a smaller velocity
difference between the shock velocity and contact surface
velocity. This results in a smaller distance L between the
shock wave and contact surface in the shock tube of smaller
scale.

5. Conclusions

Numerical simulations have been done to investigate the
propagation of shock wave, contact surface and expansion
waves. Effects of the scale and boundary layer development at
different diaphragm pressure ratios and diameters in micro
shock tube models have also been studied. Shock wave at-
tenuation has been obtained at different shock tube diameters.
Results show that the initial diaphragm pressure ratio influ-
ences the shock wave and contact surface propagation. As the
diaphragm pressure ratio increases, the shock wave strength
and contact surface propagation also increase. Reasonable
deviations of shock wave, contact surface and expansion
waves locations compared to theoretical results were observed,
which results from the viscous effects, the friction between
shock front and tube walls, and the boundary layer develop-
ment in micro shock tubes.

Much stronger attenuation in the shock strength resulting
from viscous boundary layer formation and effects of the scale
happened in the shock tube of smaller scale. A thicker bound-
ary layer that leads to much more loss in flow momentum and
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shock wave propagation compared to the shock tube of larger
scale was also observed in the smaller diameter shock tube. In
addition, the thicker boundary layer developing in smaller
scale shock tube obviously accelerates contact surface propa-
gation. Present results also show that the scaling parameter S
can indicate effects of the scale on shock wave propagation.
Much more attenuation happened in the shock tube of 3 mm
diameter with a smaller S value. In the future, PIV and
Schlieren visualization measurement will be performed to
validate the present theoretical conclusions and numerical
results by qualitative analysis.
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Nomenclature

a : Speed of sound (m/s)

D : Shock tube diameter (mm)

L : Distance between shock wave and contact surface
(mm)

M : Mach number

P : Static pressure (atm)

Pr : Pressure ratio

T : Total temperature (K)

t : Time (ms)

u : Velocity (m/s)

X : Axial coordinate

u : Dynamic viscosity (Pa-s)

Y : Specific heat ratio

p : Density (kg/m”)

1) : Boundary layer thickness (mm)

Subscripts

1 : Driven section

2 : Region between shock and contact surface

4 : Driver section
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