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ABSTRACT

This project aims at the simulation, design, fabrication and testing of a microscale
shock tube. A step by step procedure has been followed to develop the different
components of the microscale shock tube and then combine them together to realize
the final device. The document reports on the numerical simulation of flows in a
microscale shock tube, the experimental study of gas flow in microchannels, the
design, microfabrication, and the test of a microscale shock tube.
In the first step, a one-dimensional numerical model for simulation of transport
effects at small-scale, appeared in low Reynolds number shock tubes is developed.
The conservation equations have been integrated in the lateral directions and threedimensional effects have been introduced as carefully controlled sources of mass,
momentum and energy, into the one-dimensional model. The unsteady flow of gas
behind the shock wave is reduced to a quasi-steady laminar flow solution, similar to
the Blasius solution. The resulting one-dimensional equations are solved numerically
and the simulations are performed for previously reported low Reynolds number
shock tube experiments. Good agreement between the shock structure simulation
and the attenuation due to the boundary layers has been observed. The simulation
for predicting the performance of a microscale shock tube shows the large attenuation
of shock wave at low pressure ratios.
In the next step the steady flow inside microchannels has been experimentally
studied. A set of microchannels with different geometries were fabricated. These
microchannels have been used to measure the pressure drop as a function of flow rate
in a steady compressible flow. The results of the experiments confirm that the flow
inside the microscale shock tube follows the laminar model over the experiment's
range of Knudsen number.
The microscale shock tube is fabricated by deposition and patterning of different thin layers of selected materials on the silicon substrate. The direct sensing
piezoelectric sensors were fabricated and integrated with microchannels patterned
i

on the substrate. The channels were then covered with another substrate. This
shock tube is 2000 /im long and it has a 2000 /um wide and 17 /mi high rectangular
cross section equipped with 5 piezoelectric sensors along the tube. The packaged
microscale shock tube was installed in an ordinary shock tube and shock waves with
different Mach numbers were directed into the channel. A one-dimensional inviscid
calculation as well as viscous simulation using the one-dimensional model have also
been performed for the above mentioned geometry. The comparison of results with
those of the same geometry for an inviscid flow shows the considerable attenuation
of shock strength and deceleration of the shock wave for both incident and reflected
shock waves in the channel. The comparison of results with numerically generated
results with the one-dimensional model presents good agreement for incident shock
waves.
Keywords: Sock wave, Shock tube, MEMS, Microfluidic, Piezoelectric sensor, MicroChannel, Transport phenomena.
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RESUME

Ce projet vise a la simulation, la conception, la fabrication et l'essai d'un tube a
choc a l'echelle micrometrique. Une procedure etape par etape a ete suivie pour
developper les differentes composantes du tube a choc a l'echelle micrometrique,
puis les assembler pour la realisation finale du dispositif. Le document rend compte
de la simulation numerique, de l'etude experimental de l'ecoulement du gaz dans
les microcanaux, de la conception, de la microfabrication, et de l'essai d'un tube a
choc a l'echelle micrometrique.
Dans la premiere etape, un modele numerique uni-dimensionnel pour la simulation des effets de transport a des petites echelles dans des tubes a choc a faible
nombre de Reynolds, est developpe. Les equations de conservation ont ete integrees lateralement et les effets tridimensionnels ont ete mis en place avec des sources
bien controlees de masse, du moment et de l'energie, dans un modele a une dimension. L'ecoulement non stable du gaz apres le choc est reduit a un flux laminaire
quasi permanent, solution similaire a la solution de Blasius. Les equations unidimensionnelles resultantes sont resolues numeriquement et des simulations sont
effectuees pour des experiences precedemment rapportees de tube a choc en faible
nombre de Reynolds. II y a une bonne correspondance entre la structure du choc
et la simulation. L'attenuation due a la couche limite a ete observee. La simulation
pour predire les performances d'un tube a choc a l'echelle micrometrique a montre
la grande attenuation de l'onde de choc a faible taux de pression.
Dans l'etape suivante, le flux constant a l'interieur des microcanaux a ete etudie
experimentalement. Quelques microcanaux avec differentes geometries ont ete fabriques. Ces microcanaux ont ete utilises pour mesurer la chute de pression en
fonction du debit dans un ecoulement compressible flux stable. Les resultats de
l'experience confirment que l'ecoulement a l'interieur du tube a choc a l'echelle micrometrique suit le modele laminaire sur un large eventail de nombre de Knudsen.
Le tube a choc a l'echelle micrometrique est fabrique par les depots et gravure
iii

des differentes couches minces de certains materiaux sur un substrat de silicium.
Des capteurs piezoelectriques a detection directe sont fabriques et integres avec les
microcanaux caiques sur le substrat. Les canaux sont ensuite recouverts d'un autre
substrat. Le tube a choc est long de 2000 /xm et a une section rectangulaire de
2000 jum de large et 17 /im de haut et est equipe avec 5 capteurs piezoelectriques
dans le tube. Le tube a choc a l'echelle micrometrique est installees dans un tube
a choc standard afm d'etre exposees a une onde de choc avec differents nombres de
Mach. Un calcul uni-dimensionnel inviscide ainsi que la simulation visqueuse avec le
modele uni-dimensionnel a aussi ete effectue pour cette geometric La comparaison
des resultats avec ceux obtenus avec la meme geometrie avec un flux Inviscid montre une large attenuation de la force de choc et une deceleration de l'onde de choc
pour les deux ondes de choc incidentes et reflechies dans le canal. La comparaison
de resultats avec les resultats generes numeriquement par modele uni-dimensionnel
presente un bonn accord pour onde de choc de l'incident.
Mots-cles: Onde de choc, Tube a choc, MEMS, Microfluidique, Capteur piezoelectrique, Micro-canal, Phenomenes de transport.
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INTRODUCTION
The uses of micro-electro-mechanical systems (MEMS) are becoming more prevalent in our daily life. Nowadays the products manufactured by the newly arrived
science of nanotechnology can be found everywhere from the earth to the space.
Meanwhile the increase in the cost of energy encourages us to build and use more
efficient devices. In fact, in a wide range of systems and devices the downscaling is
a way to increase the efficiency of the system whereas in a few of them it has the
reverse effect. Thus, recently, due to requirements in various applications, scientists
and engineers have extended their scales of observation and fabrication to increasingly small sizes. Indeed, in the fluid mechanics, as in the other fields of science,
researchers and technologists have started to scale down the observation and fabrication in order to handle some special applications, for example, in medical sciences,
computer hardware technologies, etc. Nowadays, "Microfiuidics" has become a new
and interesting branch of fluid mechanics, which deals with the characteristics of
fluid flow at microscales. Now, with these tendencies towards the system's scaling
down, aerodynamic researchers may ask themselves if they can contribute in these
ongoing efforts and look for their own "room at bottom" as announced by Feynman [1992]. In fact compressible flows in microscale systems are more challenging
phenomena, due to their larger mean free paths* compared to those of the liquids.
Transport phenomena, which are commonly ignored at conventional scales, play
their most important role in this realm. Shock waves and their related phenomena
have been an important field of observation in the mechanics of compressible fluids.
They are the most argued subjects in gasdynamics and therefore it is not malapropos to ask, what would happen if systems that deal with shock waves are scaled
*The mean free path is denned as the average distance travelled by a molecule between collisions.
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down? To answer this question, it is rational to start with a shock tube. The shock
tube is the most common device used to produce shock waves. However, there are
many non-ideal effects that may limit its use in the desired microscale applications.
Since the formation and propagation of shock waves in micro-devices is not yet well
understood, a microscale shock tube is chosen to be fabricated and tested in order
to characterize the propagation of shock waves in micron size passages. This could
also help to better understand the interaction between shock waves and porous materials. As it is a novel device, it is interesting to find out how one can make it.
Indeed the techniques that will be developed for the fabrication of microscale shock
tube can be used for other future MEMS application.

1.1

Previous relevant work

"Shock waves at microscales" is a newborn motivation in the physics of compressible fluids. In the past decade, some applications in medical engineering [Bellhouse
et al., 1997; Takayama, 1999; Kendal, 1999] lead to investigate the phenomenon of
propagation of shock waves at small scales. In fact, the rarefied flow of gas in the
ordinary scale shock tubes, that has some similarities to the gas flow in microscale
shock tube, has been well studied over the last decades whereas only a few recent
articles have reported the interest in the study of the true microscale shock tubes.
The propagation of shock waves in small channels has been investigated experimentally and numerically by Sun et al. [2002]. Their experiments were established in
channels of 1 mm to 16 mm height at atmospheric pressure. The channel flows
were visualized using the "double exposure holographic interferometery" technique,
in addition to the use of pressure transducers at different stations along the channel. The results of these observations were in agreement with numerical results
generated by the same authors. Brouillette [2003] discussed the effect of scale on
the propagation of shock waves. He proposed a control volume model, using source
terms to quantify the effect of diffusive transport phenomena on the propagation
of shock waves in narrow channels. This study resulted in the modified Hugoniot
curves to take into account the momentum and heat diffusion parameters. Based
on the assumption that the effects of small scale can be equivalently produced by

2
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increasing the Knudsen number*, via decreasing the density, an experiment was established in which a low pressure mini shock tube was operated. Low pressure shock
tubes of usual sizes can provide the satisfactory conditions that are necessary for
the study of diffusion effects in shock tubes. The results of these experiments were
in qualitative agreement with the proposed model. Garen et al. [2005] developed
a small shock tube that uses a quickly opening valve instead of diaphragm. Their
shock tube has a quadratic cross section of 8 mm 2 and a length of 550 mm. A laser
differential interferometer was used to measure the density and velocity of the gas.
They found that for a small shock tube the Mach number is not only a function of
pressure ratio but also strongly depends on the Reynolds number. In another study
on propagation of waves in microchannels Iancu and Muller [2006] estimated wave
rotor efficiency at microscale by extrapolation and introduced an analytical model
from which the theoretical efficiency of compression process in a microchannel is deduced. Their model assumes constant friction along the walls and no heat exchange
with the surroundings. Their results suggest that an efficiency of 70 — 80% can be
achieved in the channels of an ultra-micro wave rotor.
The deviation of shock wave propagation in shock tubes from ideal behavior
(a.k.a., shock attenuation), has been over the years an important issue in the study
of shock tube flow. In fact, this is an important matter in the study of microscale
shock tube where low Reynolds number as well as high Knudsen number flows are
present. Trimpi and Cohen [1955] used several simplifying assumptions to suggest
a practical method for taking the boundary layer effects into account. This was a
one-dimensional method that assumed the average values of the flow variables in
each section of the tube could be used to describe the flow. Wall effects in shock
tubes were well described by Emrich and Wheeler [1958] and good predictions on
the deviation of shock strength from the ideal condition were obtained. Mirels [1957]
presented a method to compute the attenuation of shock waves by the method of
characteristics involving simplifying assumptions. Duff [1959] used an electron beam
densitometer in a low pressure shock tube and observed a decrease in shock velocity
for a given pressure ratio and concluded that the length of the shocked gas slug
(or the test time) is proportional to the initial pressure ratio, and is independent
"The Knudsen number is denned as the ratio of the mean free path of molecules to the characteristic length of flow (Kn = A./D).
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of the driven tube length. Duff proposed a simple model based on the fact that
pressure and particle velocity are not continuous across the contact surface that is
travelling with a velocity close to the shock velocity. In this model, it is assumed that
there is an isentropic deceleration between the contact surface and the shock, which
means that a higher diaphragm pressure ratio is needed to produce a particular flow
velocity compared to that of the ideal shock tube. Roshko [1960] studied the effects
of boundary layer growth behind the shock wave and developed a similarity solution
for flow duration in shock tubes. Good agreement with the experimental results
in the low pressure shock tube were achieved. He also verified Duff's assumption
that the loss of flow duration in low pressure shock tubes is mainly due to leakage of
shocked gas through the contact surface and that the wall effects are acting like mass
sinks. Details of the laminar boundary layer in shock tubes were studied by Mirels
[1966] and some correlation formulas were proposed. Boundary layers in shock tubes
were also experimentally observed by Chen and Emrich [1963] to study the structure
of the boundary layer in laminar and turbulent regions of the shock tube.
In the realm of acoustic waves, Hajiconstantinou and Simek [2003] obtained
analytical predictions for the propagation of sound waves at small scales under noncontinuum transport. They extend Lamb's approach [Lamb, 1917] to include the
effects of inertia and heat conduction for wave propagation at larger characteristic scales described by continuum transport. Their theoretical predictions were in
agreement with the molecular-based Direct Simulation of Monte Carlo (DSMC)* for
the Boltzmann equation.

1.2

General comments on the shock tube flow

Conventionally, as shown in Fig. 1.1, a shock tube is divided into high pressure
(driver) and low pressure (driven) sections, each filled with either identical or different gases at different initial conditions. Since the actual behavior of a shock tube is
quite complicated, in many applications it is considered to act as an ideal shock tube,
in which the flow is assumed to be one-dimensional and there are no wall effects.
Usually, after rupture of the membrane, four major regions of the flow inside the
*The Direct Simulation of Monte Carlo is a particle-based stochastic numerical scheme for
solving the nonlinear Boltzmann equation.
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Shock tube flow: £ < 0, the membrane separates the high
pressure gas in driver tube (4) from low pressure gas in
driven tube (1); t > 0, after rupture of membrane a shock
wave forms and propagates into the region 1 followed by
contact surface. The test gas (1) gets shocked and jumps to
condition 2. Meanwhile an expansion wave propagates into
the driver gas (4) resulting in the expansion of driver gas
into condition 3.

shock tube can be identified. Under ideal conditions (ideal gas, no diffusion effects)
the pressure ratio across the membrane can be found, in terms of the shock Mach
number and fluid properties, by intersecting the isentropic unsteady expansion in
the driver gas and the pressure jump across the shock wave in the driven gas, as
shown in P — u diagram in Fig. 1.2 where P and u are the pressure and the particle
velocity, respectively. The resulting diaphragm pressure ratio is then [Thompson,
1972]
2 7l M s 2 - ( 7 l - 1)
Pi

ideal

7i + l

1

74 - 1 ci
M„7 l + 1 c4 V"°

74-I

—
Ms

(1.1)

where Ms is the shock Mach number and c and 7 are the speed of sound and
specific heat ratio of gases, respectively. The subscripts are corresponding to the
different regions in Fig. l.llt is seen from Fig. 1.2 that higher shock pressures and
greater particle velocities, for given driver and driven gases, can be obtained by
increasing the initial pressure ratio, P4/P1. The resulting ideal solution is "conical"
5

1.2 General comments on the shock tube flow

2
i

•

^

Isentropic expansion
Shock jump condition

4 \
1.5
\

y

\

\\

\

\

\

\

•

\\

x

//

s^

V --'

\

•

\ N*" s

0.5

1

^"'

***^\
^2\

\

"''
"0

f

•

/

> ^
200

400

600

800

1000

u (m/s)
FIGURE

1.2 — The ideal air shock tube analysis in P — u diagram. The
numbers shown in the diagram correspond to the four different regions of flow shown in Fig. 1.1.

in space-time, i.e., the parameters are invariant along the rays that have the same
ratios of distance from the membrane to the time elapsed since the diaphragm burst.
Practically however, the real shock tube flow differs significantly from the theoretical
flow in many respects. There are several unavoidable reasons for this deviation. The
obvious pressure drop required for the flow of a real fluid in a tube is the best known
reason, as well as the further pressure change required to account for heat transfer
between the fluid and the wall.

1.2.1 The shock structure
In the majority of practical circumstances, the shock wave can be considered as a
sharp discontinuity in the fluid. However, in a true discontinuity, the velocity and
temperature gradients across the shock front lead to infinite viscous stresses and
heat fluxes. In the real shock wave the shock layer possesses a finite thickness. In a
microscale shock tube where the viscous stresses and heat transfer are predominant,
the thickness of the shock layer becomes comparable to the size of shock tube and
thus the shock structure becomes an important matter. As observed experimentally,
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and supported by continuum theory and the Boltzmann kinetic theory, the thickness
of the shock layer for moderate shock waves is of the order of a few mean free path
of the downstream gas. The shock interior and the boundary layer are analogous,
since both are the thin regions of large viscous stresses and heat fluxes, bounded
by extensive regions, which may also be considered as inviscid. The experimental
observation of shock structure in a low density wind tunnel by Muntz and Harnett
[1969] shows that the shock wave satisfies the continuity, momentum and energy
equations, within the accuracy of measurement. Assuming a perfect gas, in that its
transport coefficients are independent of temperature, Taylor's solution for velocity
distribution across the shock wave is [Thompson, 1972]:
I ± i ( t t l - « , ) * = In ^ ^
2ip

(1.2)

u — u<i

where subscript 1 and 2 denote the downstream and upstream conditions of the
shock wave, respectively, and the diffusivity ip is defined as:

^=pU + 7 + ^ r J -

(L3)

where [i and \xv are shear and bulk viscosities, respectively, and Pr is Prandtl number
defined as /J,Cp/k where cp and k are the specific heat coefficient at constant pressure
and the thermal conductivity of fluid,respectively. The estimated shock thickness r
from this solution is:

1 „ ^L^l_
A

7 + lF2-Fi

(1.4)
K

J

where A is the mean free path of the molecules. A Mach 2 shock wave in atmospheric
air has a thickness around 150 nm.
1.2.2

The boundary layer in shock tubes

The formation and growth of a boundary layer behind the moving shock wave (Fig.
1.3) is the most important reason for the unavailability of ideal conditions in a shock
tube. An obvious result of the boundary layer in shock tubes is that a part of the
gas near the walls in low pressure shock tubes fails to participate in the flow while
it loses its momentum inside the boundary layer. In a microscale shock tube the
7
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Shock Wave

FIGURE

1.3 — Formation of the boundary layer behind a moving shock
wave

momentum and thermal boundary layers behind the shock wave develop rapidly and
become the principal phenomena that determine the performance of the shock tube.
The similarity solution for this boundary layer flow, appeared in Schlichting and
Gersten [2000] is:
u = u2f{rj)

(1.5)

where u2 is the particle velocity behind the shock wave, / is the similarity function
and r\ is given by
V=

f

-dy
P2

;i.6)

Jo
"2

V

"J

where u2, p and us are the kinematic viscosity, density and the shock velocity, respectively, and t is the time since passage of the shock wave. The parameter u2/us
quantifies the strength of the shock, and has a maximum possible value of 2/(7 + f)
for an infinitely strong shock. The solution of these equations for the argon shock
tube [Duff, 1959], with initial pressure ratios between 1.5 and 3.5, shows that the
boundary layer thicknesses are between 2.8(u2t)1/2 and 2.5(u2t)1/2. For example,
evaluation of this thickness for a 28.6 mm diameter shock tube at 67 Pa initial test
pressure at the time corresponding to the arrival of the contact surface, yields the
boundary layer thickness values up to 53% of the shock tube radius, which certainly
cannot be neglected.
8
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The boundary layer in shock tubes has been experimentally studied for example
by blowing the Lycopodium particles and oil drops (as tracers) on the walls before
rupture of the membrane and measuring the parameter, u/y1^, which is assumed to
be constant and equal to Uoo/S1^7 for a turbulent boundary layer [Chen and Emrich,
1963]. «, Uoo, y and 8 are the velocity in boundary layer, the bulk velocity of flow,
the dimension normal to the wall and the boundary layer thickness, respectively.
The same procedure has been employed to measure the u/y1/2 parameter for the
laminar boundary layer, assuming that the transition Reynolds number for the flow
behind a shock wave is [Chabai and Emrich, 1958]
Re-transition —

=4x10

(1-7)

where t is the duration of the laminar flow at a given point. Such observations,
made at long distances behind the shock wave, show good agreement with the 1/7
power curve in the part of the boundary layer where y/S > 0.1 but show the linear
behavior over the region close to the wall.

1.2.3

Shock attenuation

In an ideal shock tube, the time elapsed between the arrival of the shock and the
contact surface at a given location (i.e., duration of uniform flow) can be increased
by increasing the length of the driven tube. However, in a real shock tube, when
the shock propagates, the shock velocity and contact surface velocity converge to
the same value, thus, it is not possible to increase the duration of uniform flow by
increasing the length of the driven tube. This could be a more important matter
9
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1.5 - The control volume used by Roshko [1960] to develop the
similarity solution

in a microscale shock tube where the viscous stresses in the flow cause smoothing
of the shock wave and attenuation in both the velocity of the gas and the pressure
jump across the shock wave. In addition, the comparatively high heat transfer which
occurs in the micro-devices can no longer allow the flow to be adiabatic. Fig. 1.4
schematically shows the main reason for this phenomenon. In this figure the velocity
field is drawn with respect to the reference frame attached to the shock wave. As
clearly seen in the sketch, the driver gas in a non-ideal shock tube acts as a leaky
piston to drive the low pressure driven gas. Roshko [1960] provided a similarity
solution to the problem of attenuation in shock tubes by applying conservation of
mass to a control volume moving with the contact surface, as shown in Fig. 1.5.
Assuming a laminar boundary layer behind the shock wave, the mass balance in this
control volume resulted in a relation between the dimensionless flow duration (T)
and the dimensionless distance of the shock wave from the membrane (X)
X/2 = ln(l - T 1 / 2 ) - T 1 / 2

(1.8)

and
T =

JU o

Jb r>

and

X =

(1.9)

where tp = Ptj pi-, lm = max(x 5 — xc) and xs and xc are the shock wave and contact
surface positions from the x = 0 reference at the membrane initial location. Equation
1.8 along with ideal relation and experimental data is plotted in Fig. 2.3. The
similarity solution presents good agreement with experimental data.
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1.3

Objective and outline of the project

Although one can qualitatively predict the performance of the microscale shock
tube from the above mentioned literature, the precise real effects can be observed
only by conducting the experiments on a true microscale shock tube which is the
objective of this project. The long term objective is the fabrication of a complete
fully instrumented microscale shock tube. However, scaling down and integration of
all 4 principal components of the shock tube (driver tube, membrane, driven tube
and instrumentation) on a chip is an ambitious target that can be achieved only by
a step by step procedure. Therefore, this project is planned in a stepwise procedure
that starts with the simulation of the flow in a microscale shock tube. In this
step a one-dimensional model will be developed and the different terms appearing
in the equations will be explained. The model will be implemented to simulate
some examples of shock tube flow and the micro-scale shock tube. The simulation
of microscale shock tube will provide helpful information on the performance of a
microscale shock tube. It helps to better understand the device that consequently
leads to better design and fabrication. Chapter 2 explains this part of project. The
next step aims at fabrication of microchannels as the principal part of the shock tube
and the experimental study of the gas flow in them. In this step a set of certain
geometrically defined microchannels will be fabricated and the steady flow of gas
inside them will be characterized. Chapter 3 explains this part of project. In the
next step we advance further and a number of piezoelectric sensors will be designed,
fabricated and integrated with the microchannels. Chapter 4 presents the details of
design, microfabrication and the results of the tests with microscale shock tube. A
comparison between the experimental results and the simulation of flow in the same
geometry will be represented. Finally, conclusions drawn from the present work and
suggested future directions for this research will be presented.
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chapter

2

NUMERICAL SIMULATION
Efforts to numerically capture the shock waves in compressible fluid flow is an old
but still progressing topic in computational fluid dynamics. During the last 50 years,
a great number of numerical schemes have been developed to simulate the inviscid
compressible gas flow. The majority of these methods focus on the recognition of
discontinuity in the flow (i.e., shock capturing). Sod [1978] performed a survey on
several finite difference methods for systems of nonlinear hyperbolic conservation
laws. He chose a shock tube as a test problem and compared the results. Recently,
due to the pervasive interest in the study of microscale systems, some people have
started to perform numerical simulation on the compressible flow in small scales.
Zeitoun and Burtschel [2006] simulated the microscale shock tube flows at different
values of scaling parameter* using unsteady 2D Navier-Stokes equations combined
with boundary slip velocities and temperature jump conditions. Their numerical
results show a strong attenuation of the shock wave strength with a decrease of the
hot flow values along the tube that can lead to transformation of shock wave into the
compression waves in lower scaling parameters. In another relevant study Martel and
Brouillette [2003] characterized the impulse produced by the detonation of milligram
charges of explosive at pressures ranging from 1 to 1000 mBar with a combined
analytical/numerical approach. They have found that the vacuum expansion model
agrees reasonably with experiments performed at the lowest pressures.
The objective of this chapter is to perform the numerical simulation on shock tube
flow but in a different manner. Simply, this simulation will abstain the large amount
of calculations usually required in CFD simulations. Instead, a good understanding of the physics of this special phenomenon will help to construct a simple one*The scaling parameter, introduced by Brouillette [2003] to quantify the effect of scale in the
shock tube flows, is denned as ReDh/4L
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dimensional model that does not include the gigantic amount of three-dimensional
calculation, but explains the flow with satisfactory resolution. Although the powerful computers are easily available and there is no problem with the amount of
calculation, this approach seems more instructive than direct calculation.

2.1

Development of one-dimensional model for the shock
tube flows

Here, the one-dimensional differential equations of flow in shock tubes are developed.
In this model, the effects of three-dimensional transport phenomena are acting as
sources (or sinks) of mass, momentum and energy. The sources are evaluated and
calibrated, using the knowledge on the simple laminar compressible flow in tubes. To
achieve this, the three-dimensional differential equations of mass, momentum and
energy conservation are employed. The above mentioned conservation equations
could be applied to the control volume, shown in Fig. 2.1. This control volume has
a lengthwise dimension of dx, and is fixed in the laboratory reference frame. There
are one-dimensional inflows and outflows for the whole of the desired cross sectional
area under study, and the region of the boundary layer. All transport effects in
the regions of the boundary layer are summarized in a net mass accumulation and
diffusion, a shear force and a net heat transfer to the walls. For simplification
the fluids are assumed to be calorifically and thermally perfect gases, such that
e = -P/(7 — l)p and T = P/Rp where e and p are the specific internal energy and
the gas constant, respectively.

2.1.1 Mass conservation
The three-dimensional differential equation for mass conservation can be represented
as:
I ^

+

V.fl = 0

(2.1)

Due to flow conditions, it is possible that in a very small shock tube, the gas molecules diffusing into the solid walls becomes non-negligible compare to the total gas
presented in the very small shock tube. The voids, cracks and pores that could be
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2.1 — The control volume used to model the diffusion effect as
sources or sinks of mass, momentum and energy

presented in microfabricated devices can also facilitate mass scape from the shock
tube. Regarding the Fick's law of diffusion, such a diffusion is proportional to the
density gradient of gas near the walls. The rate of mass diffusion is then:
rhv — T>
where %

dp
dr

(ndx) = V Ci

Dh

(ndx)

(2.2)

is the gas diffused into the walls and V is the binary mass diffusivity of

gas and solid and C\ is a constant used to parameterize the density gradient near
the wall, in terms of the bulk gas density p and hydraulic diameter of tube (Dh)The obvious effect of the momentum boundary layer on the flow is that the
velocity of the gas near the walls decreases. This part of the flow can be considered
to be "losers" in the flow of molecules inside the tube and their contribution to the
bulk flow of fluid is decreased. Usually a parameter called displacement thickness
(8*) is used to account for this part of flow. The displacement thickness represents
the amount of reduction in the tube diameter so that the fictitious uniform inviscid
flow has the same mass flow rate as the actual viscous flow. Also, because of the
temperature difference in the thermal boundary layer, the density of gas near the
walls can be greater (or less) than the bulk density of gas, and this gradient of
density can augment the effect of the momentum boundary layer. Here, a term to
be added to the mass equation, to take into account the effect of boundary layer, is
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proposed.
mbl = nDh

d8

'

dx = ivDh

Pbl

Tt

dd'

C5p

Tt

dx

(2-3)

where pu is the average density in the boundary layer, 8 is the boundary layer
thickness
(2.4)

6*8*
and

Pu
(2.5)
P
Introducing the mass sources from equations 2.1 and 2.2 into the conservation of
mass for the one-dimensional control volume yields
C5

dp

d ,

C{Dp

.

C5p d5

(2.6)

~W~~D~hTt
2.1.2

Momentum conservation

Low Reynolds number effects can be correctly handled with the Navier-Stokes equations
jut

p-^t

1

+ V P = /xV2w + (fr + -fi)V(V • u)

(2.7)

The x-direction component of the above momentum equation for axisymmetric flow
is
d2u
d2u
ldu\
du
du
dP
2
2
dt
dx
dx
\dx
dr
r dr J
(2.8)
(
\ \ d I'du
dv
v
with u the lengthwise velocity and v the radial velocity. Incorporating the mass conservation (equation 2.6) and averaging the velocity Laplacian in the lateral direction,
we have
d(pu)
d
+ ^ ( ^
dt

2

u
+ ) = *PJyz + (P, +
P

C
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d2u
2n)Qx2

dVp
2 -u
un
h

C5pd8
Dh dt u

(2.9)
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where

/ d2u

fDh/2

dr2

u

n

1 dus.
r dr

(2.10)

fDh/2

u

h

/
dr
Jo
and C% is a constant used to parameterize the lateral gradients of velocity in terms
of the bulk velocity of fluid inside the tube and the diameter of the tube.
2.1.3

Energy conservation

To derive the equation for the conservation of energy for our control volume, we start
with the first law of thermodynamics, assuming that no external work is performed:
D ,
u2.
.
.
P-^r(e + —) = [crikUk),i - qk,k

(2.H)

where crifc is the stress tensor and qk is the heat flux vector. Assuming Fourier
(linear) heat conduction, this equation becomes
u2.

d ,

-P5ik

u2 '

d .

+ 2fX I Dik — -SikDmm

) + V'vSikDmm

) «fc

dT
dxh)

(2.12)
k

where Dik is the fluid rate of deformation tensor. As before, multiplying by the mass
conservation equation and integrating in the radial direction yields
d_
dt

P[e

+w

d_

dx

d2T

+C7

kT c liu*
3-^2
''Dl + *-jyi ~

W

u[p(e + y ) + P
d2u
dx2

Cl

fdu\'
\dx J

Vp i
D2

w
e+

~2
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-c,

p d8 /
u
e+
Dhdt
T
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where

I

T

C3k

Dull

(Q1T

k

X

\ dr2

rDh/2

/

+—
r dr

dr
(2.14)

rDh/2

I

and

dT^

dr

' d2u
1 du
2 + -T^
u
^
dr
r dr

JO

+

dr.

dr

fDh/2

(2.15)

/
dr
Jo
Again C3 and C4 are constants, used to evaluate the lateral heat transfer and dissipation respectively in terms of the bulk properties of the fluid.

2.1.4 Evaluation of transport terms and calibration of model
The interest of equations 2.6, 2.9 and 2.13 is that, despite the fact that they are onedimensional, with the proper choice for the constant d they can properly account
for three-dimensional diffusion effects in the shock tube. In fact, to get reasonable
results from the model, the constants used should be chosen very carefully. Here the
transport terms are analyzed and evaluated.
The rate of increase in the boundary layer thickness

The term dS/dt, appearing in the conservation equations can be explained in terms of
the bulk flow properties inside the shock tube. As previously mentioned, this model
is developed to predict the behavior of the microscale shock tube. Therefore, it is
wise to develop this model further, based on the assumption of a laminar boundary
layer present in the microscale shock tube. Here, the most suitable case that can
be considered is that of an unsteady laminar diffusion of momentum on a flat plate,
located behind the shock as explained by [Schlichting and Gersten, 2000]:
u

y

u^erf

y/2Ui*
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(2.16)
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where erf is the error function and t*(x) is the elapsed time from the initiation
of motion for every position along the tube. Since the variation of velocity in the
boundary layer is gradual from 0 to i ^ t h e boundary layer thickness is assumed to
be the the thickness where uj/ttoo = 0.99. Then we have:
(2.17)

5 = l.lV2^i*
and

1w

d

i = 0.7778

dt

(2.18)

The one-dimensional mass, momentum and energy conservation equations then reduce to:

!^>=-^-o,78f^
r)n

ft

d(pu)

d ,

r„T)n

o

H, n

_.

^

u

.

117

„

(2.19)

.d2u
(2.20)

d_

d_
W
dx u[p(e + —)+p

dt

,d2T

(

4

N

d2u
2

dx
u

DlV

u

h

h

(du\

\dx J

(2.21)

' 2

L>h V P
The value of C$ is equal to the ratio of the average density within the boundary
layer to the density outside of the boundary layer. Therefore, by neglecting the
radial pressure gradient
T
Pu
(2.22)
C
5
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FIGURE

2.2 — Averaging the temperature in the thermal boundary layer

The value of C5 could lie between 1 and TQO/T^ and it can be calculated by averaging the temperature distribution in the boundary layer behind the shock wave
[Schlichting and Gersten, 2000]

T

2

Mjr(y) +

^-^s(y)

(2.23)

where r(y) and s(y) are the functions to be determined and the adiabatic wall
temperature Tad is given by
•L ad

-l 00

1

^Mji

1+

(2.24)

In cases where there is no need for a high level of accuracy and for easier calculation, a linear variation of temperature may be considered and C5 can be simply
reduced to
C5 =

2T™

(2.25)

J- 00 ~r -i w

The diffusion of gas into the solid walls

One of the terms introduced to these equations is that of the mass diffusion into the
walls of the shock tube. It is expected that, for example, for the flow of monatomic
gas within a very small diameter tube, the number of molecules absorbed on the
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solid wall could be comparable to the total number of gas molecules present:
rhv — V

'dp
dr

(ndx) = V

p

rCl

(ndx)

D-h

(2.26)

This term indicates the amount of gas that penetrates into the solid walls. A comparison between this term and the convection of mass in the tube

V
uDh

(9(pu)\

(2.27)

V dx )
shows that the penetration of gas into the walls may be important for very small
shock tubes. The governing parameter here is the mass diffusivity of the gas into
the solid, V. The value of the V for hydrogen in steel is 0.26 x 10 - 1 2 m 2 /s, and for
helium in silicon is 0.4 x 10 _13 m 2 /s. These are the smallest molecules among gases;
for other gases the binary diffusivity (V) is much smaller. This this means that from
equation 2.27 the penetration of gas molecules into the solid walls of the tube could
be important for extremely small shock tubes and not for microscale shock tubes.
However to take into account the possible effects of defects in microfabrication we
still keep this term in the equations.
The constant C\ is related to the geometry and is similar to the shape factor
used in the analysis of diffusion problems. This constant has a value of the order of
1.
The momentum loss due to shear stresses

The introduced momentum source in the one-dimensional momentum equation is
rDk/2

U

c*w =

rh"
J0

,d1u

l d u

s

(<Pu idu dr
\dr2
r dr
/
Jo
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dr

(2.28)
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The comparison between this term and the convective momentum transfer

{"W
fd(pu)\

_HUL/C_
D\pu

L 1
DhRe

{Z }

^

clearly shows that this term can be important for the shock tubes with a small value
of scaling parameter. To evaluate C 2 a general velocity distribution in the tube can
be considered in the form of

where u is the bulk velocity in the tube and n is the parameter used to describe the
velocity profile in the tube. For a laminar parabolic profile, n is equal to 2. Using
this profile, C<i can be evaluated as

cQ = _Mn+i)

(2 31)

n- 1
which is equal to -12.00 in the laminar flow. It should be noted that C2 only
describes the average of the shear stress gradients in the radial direction and it
is not equivalent to the coefficient of friction. Also, this parameter always has a
negative value. Physically, viscous shear stresses reduce the momentum of flow and
in the momentum equation, only a negative value of Ci has this effect.
The bulk viscosity effects

As well as shear stresses, the bulk viscosity effect produces another artificial momentum source in the one-dimensional momentum equation, that is expressed as:

(^ + ^ ) £ l

(2-32)

This term is important in the regions where there is a large axial velocity gradient,
especially in the shock wave.
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The radial conduction heat transfer

The procedure for developing the model results in the appearance of artificial energysources in the one-dimensional energy equation:

r»(-J
rDh/2

(Q2T

l d T

+ - — \dr
dr

Jo
Again, a general form of the temperature profile can be considered as

and the value of Cz can be evaluated as

n—1
For the laminar parabolic profile, C 3 is the same as C 2 .
The axial conduction heat transfer

There is also axial heat transfer due to the temperature gradient along the tube
fc(d2T/<9a;2). To evaluate the importance of conductive heat transfer in shock tubes,
a comparison is made between the conductive and the convective heat transfer in
the energy equation.

'kT\
Pi)
( dd

/fcT\
\Dl)
\\

(pucT\
fpucT\

k 1 _ a
pcuDh

uDh

a
McDh

(2.36)

For air and helium at atmospheric pressure a is 17 x 10 - 6 and 141 x 10~6 respectively,
while u in shock tubes is around 400 m/s. Therefore, the conductive heat transfer
in the bulk flow of the gas in macro-scale shock tubes is not important. In microscale shock tubes, where the dimensions are of the order of 10 - 6 m, it might be
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necessary to consider such effects. The local conductive heat transfer near the walls
can be important even in low pressure ordinary shock tubes, as it results in the
concentration of mass near the walls, due to the temperature differences near the
walls.
The dissipation of energy

The last terms appearing in the energy equation refer to dissipation, due to either
the shear or the bulk viscosity. The dissipation caused by shear stresses can be
averaged in the radial direction as
/•A./2

/ d2u

ldu\
r dr J

2

CAJI

dr

w

(' du
\dr

dr
(2.37)

dr

I
Jo
Again, by choosing a velocity profile of the form

'2r\n\n
u

D

+l
n

-u

(2.38)

C4, can be evaluated as
2 n (2" + 1)
C4 =
(2n-l)22"-x ~

1
(n + lf
(n-l)2n-\

(2.39)

The value of C4 for a laminar parabolic profile is 3.00.
There is also the dissipation due to the bulk viscosity of fluid
d2u
(A*v + g A*)

<9x

2

,dusr)

^dx'

(2.40)

To evaluate the importance of the viscous dissipation in the energy equation, a
comparison is made between the dissipation of energy and the kinetic energy of the
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fluid.
li

»Tfl
D'i

'd

(2.41)

R~e

pvr

u

This confirms that the dissipation which is usually neglected in high Reynolds number shock tubes increases in the low Reynolds number shock tubes.
2.1.5

Numerical solution of the equations

To acquire a better resolution in the numerical schemes, it is generally convenient
to normalize the equations in order to prevent competition between very small and
very large terms. In noting that pi«i = 7P1 for an ideal gas and
X

x =
P

I

P\

p_

*-4r

Pi

,

'' = « ' !

U

u =—
(2.42)

«-z

#1

Dh

where subscript 1 denotes the condition in region 1 of the shock tube, the equations
can be rewritten in the form of
dp'

&, t n

,-y L
Dh Re • Sc

-0.778C 5 A/-^4DhRe\

d(p'u')
dtf

+

_d_ , /2 ,
dx' pu H

(2.43)

p'H>

t*'

P

L Re{ /I

+

'{dx'2

DhRe
(2.44)
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p'
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a 22
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u dx»
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L
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K
P
Dh Sc • Re 7 i ( 7 - l )

+

p'u'2

p'u'2"
(2.45)

where
Re =

PlCLXDh

Sc =

jWi

Pr =

//iqVI

h

(2.46)

In order to make the model capable of simulating the shock tubes charged with
different gases in the driver and driven tubes, 7, p' and Pr are considered to be
functions of x and a numerical procedure is implemented to detect the position of
the contact surface. This procedure is supposed to work properly for the simple
case of incident shock before any reflection from the end of tube and it cannot be
guaranteed that it works properly for the events after reflection of shock wave from
the end of tube. Also, for better accuracy, the viscosity is considered to be a function
of temperature.
(2.47)
K
T'-l
where /C is a constant related to the gas properties.
Similar to the the conventional vector form of Euler equations for the inviscid
one-dimensional compressible flow

dQ
dt

dF
dx

0,

(2.48)

the modified equations, including the transport phenomena, can also be written
in the vector form with an additional source vector in the right hand side of the
equation. In fact, this source term is a function of time and space and it should be
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refreshed at each time step in the numerical procedure.
£

+

§

= B(«.t)

P.49)

The numerical schemes used for the solution of equation 2.49 are the two step LaxWendroff method
= l(Q] + Q? + i) - ^ (

Q;+I/2

F

"

+

x - *7) +

\to*?+i/2
(2.50)

Ax
and the MacCormack scheme

Qi = Q?-|f(F? + i-*i) + A*B7
(2.51)
n+1

Q
^3

= - Q"+Q;-^(F;-F;-I)+^BJ
2

where B™+1/2 = 1/2(B" + B" +1 ). These schemes are accompanied by the fluxcorrected transport (FCT) scheme of Boris and Book [1976] for the better resolution
on the simulation of strong shock waves.
It is not expected that this model works properly for the reflected shock wave.
This is because of procedure implemented in the program to detect the location of
contact surface and simulate the mass leakage through the contact surface. This
mechanism is supposed to work properly for the simple case of incident shock wave
and not for the complicated reflections of shock wave between contact surface and
the end of channel.

2.2

Results and discussion

The values of Cj, which have been derived, have to be tested using the experimental results. Here, some experimental examples of the different aspects of transport
phenomena in the shock tubes [Roshko, 1960; Muntz and Harnett, 1969; Brouillette, 2003] are compared with numerical simulations using one-dimensional model.
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FIGURE 2.3 — Comparison of similarity parameters for one-dimensional
model and experimental data of Roshko [1960]
Thereafter, the simulation of the performance of the micro-scale shock tube will be
presented.

2.2.1 The attenuation due to boundary layer effects
We now simulate a long shock tube at Reynolds number of 200 and Mach number
of 1.4. Air is employed as both the driver and the driven gases. In the real shock
tube, as studied by Roshko [1960], there is "leakage" at the contact surface, due to
the boundary layer (Fig. 1.4). In our one-dimensional model, the leakage through
the contact surface is automatically simulated by extraction of mass in region 2 of
the shock tube, and by the feeding of mass into region 3, because of the temperature
differences between the gas and the wall in each region. Figure 2.3 shows the result
of one-dimensional model along with experimental and similarity solution results.
To produce the similarity parameters, the x-t diagram of the simulated shock tube
as well as the density jump across the shock wave were used and the dimensionless
flow duration (T) and the dimensionless distance of the shock from the membrane
(X) are calculated from equation 1.9.
The numerical results generated by the one-dimensional model in Fig 2.3 presents
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good agreement with those of the experimental and similarity solution. The performance of a low Reynolds number shock tube is correctly captured by the onedimensional model. However, it can also be seen that there is a small discrepancy
between the results at the values of X less than 1. In the one-dimensional model the
leakage of gas through the contact surface is simulated by extraction and feeding of
mass in the region 2 and 3 of the shock tube, respectively. However, this does not
guarantee that the conservation of mass is fairly satisfied across the contact surface.
Since the gas in region 3 is denser than the gas in region 2, it has higher thermal
inertia and it takes more time to be warmed by the tube's walls. This explains the
delay in achieving the proper result.

2.2.2 The shock structure
To evaluate the capabilities of the model for the simulation of bulk diffusion effects,
an experiment by Muntz and Harnett [1969], that was aimed at measuring the shock
thickness at low Reynolds numbers, is chosen. This experiment was performed
using an 8-cm shock holder in a low density wind tunnel operating at the shock
Mach number of 1.59. The test gas was helium and the stagnation pressure and
temperature were maintained at 221fj,m Hg and 295°K, respectively. The numerical
simulation is performed "free" of wall effects (i.e., d = 0) to capture only the
axial gradients contribution. The comparison between one-dimensional model and
experimental data for the distribution of density and velocity across the shock are
shown in Fig. 2.4.
The model presented good capability to capture the inner structure of the shock
wave. Since there are no wall effects in the simulation performed in Fig. 2.4, it
is supposed to generate the one-dimensional Navier-Stokes solution to the problem.
However, since it is needed to prevent the oscillation of results in downstream of the
shock wave, which is a common problem in shock capturing numerical schemes, an
artificial viscosity had to be applied in the numerical solution which explains the
small discrepancy between the results.
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2.4 — Comparison of density and velocity profiles throughout the
shock wave between numerical one-dimensional model and
the experimental results of Muntz and Harnett [1969]

2.2.3 Simulation of mini shock tube flow
The mini shock tube, built and tested by Brouillette [2003], is chosen as another
example for the comparison of one-dimensional numerical model results with the
experimental data. The reason for choosing this small shock tube is the presence
of many transport effects at such a scale. The mini-scale shock tube is a 5.3 mm
diameter tube for both the driver and the driven sections equipped with pressure
sensors at two stations along the driven tube. The driver and the driven gas were
helium and air, respectively. The driver pressure was fixed at 27 bar and the driven
pressure was varied between 1 mbar and 1000 mbar to provide pressure ratios of
between 27 and 27000, and Reynolds numbers between 120 and 120000. Apart from
some irregular behavior observed in the experimental data, they are reliable enough
for qualitative verification of the model. In the numerical simulation, a parabolic
profile was assumed for the velocity and temperature profiles for low Reynolds numbers (Pi = 1 & 95 mbar) and a turbulent profile of the power of 7 was assumed
for the high Reynolds number (Pi = 1000 mbar). Figure 2.5 shows the comparison
of pressure histories for both one-dimensional model and the experimental data. In
the experimental results, 1 volt on the vertical axes corresponds to 6.81 bars.

30

2.2

Results and discussion

transducers represents the shock velocity. It can be seen from the graphs that, as
the Reynolds number increases, the shock velocities calculated from numerical simulation becomes greater than those of the experimental data. This means that, not
surprisingly, the one-dimensional model is more accurate for lower Reynolds numbers and that is because the relations for the laminar boundary layer are introduced
into the model. It also can be seen that the simulation at 1000 mbar, were the turbulent profiles for velocity and temperature in the tube are assumed, gives a steep
shock wave compared to the results at 95 and 1 mbar. The experimental data at
this pressure exhibits a strange oscillation after passage of shock wave that might
be generated by resonance of pressure transducer.

2.2.4 Simulation of microscale shock tube behavior
The main goal of incorporating the effects of transport phenomena in the shock tube
is to simulate the microscale shock tube in order to guide the design of a microscale
shock tube which is intended to be fabricated. Figure 2.6 shows the geometry of
the simulated microscale shock tube. In fact this is a hypothetical preliminary
geometry regardless of the fact that this geometry is not feasible to be fabricated
with current technologies. The driven side of the shock tube is proposed to be
filled with atmospheric air. The driver tube's end is in connection to a pressurized
chamber. Simulations are made for pressure ratios of 3, 10 and 100; the Reynolds
number is Re = ciD^/vi = 230. The results of the simulation are shown in Fig. 2.7
for the distribution of properties along the tube (left side) and the pressure histories
at 10 stations shown in Fig. 2.6 (right side). The values shown in the figures are
normalized with respect to the following values:
• Normalized distance x with respect to the length of the micro-scale shock tube
(L = 1 mm).
• Normalized time t with respect to the characteristic time of the micro-scale
shock tube (L/ci = 2.91 x 10~6 s).
• Normalized pressure P with respect to the initial pressure of the driven side
(Pi = 101 kPa).
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• Normalized velocity u with respect to the speed of sound in the driven side
(ci = 343.3 m/s)
The simulation of microscale shock tube (Fig. 2.7) features many aspects of the
propagation of shock waves in small scales. In the graphs in Fig. 2.7, at lower
pressure ratios, a considerable decrease in the particle velocity can be seen in the
region of shock wave. This signifies the presence of large shear stresses in the microchannel that decelerate the fluid. A dramatic attenuation of the shock strength
in the pressure history diagrams is seen. Also, the deceleration of the shock wave
is clarified by the comparison of the time delay between adjacent stations, at the
beginning with those of the end of the driven tube.
It is expected that in a microchannel, the gas rapidly achieves temperature equilibrium with the surrounding solid walls. This can be concluded from the evaluation
of thermal entrance length in the laminar flow in the microchannels which is equal
to [Incropera and Witt, 2002]
Lentrance = 0MDhRePr

= 81 fim

(2.52)

for the present microchannel. It could be said that any thermal disturbance along
the microchannel will be dissipated into the surrounding walls within this length
which is of course very short compare to the length of microchannel (1 mm).
For the laminar flow of a gas inside a tube, the Nusselt number* has a value of
about 3.66 [Incropera and Witt, 2002]. For atmospheric air inside a 10 ^ra channel
this value of the Nusselt number results in the value of convective heat transfer
coefficient as
h = % ^ = 1.665 x 104 W/m 2 • K
(2.53)
Assuming the constant wall tempaerature Tw, the temperature distribution along the
channel can be determined from the following relation [Incropera and Witt, 2002]
a

-L = J-h(T
ax
mcp

- Tw)

(2.54)

* Nusselt number is the ratio of convective heat transfer to the conductive heat transfer in the
fluid (Nu = hDh/kfiuid).
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where V is the perimeter of channel. From this relation the characteristic time
related to the heat transfer of gas to the walls of the channel can be estimated then
th ~ ^ ^
Ah

= 3.04 x 10- 13 s

(2.55)

and the characteristic time for propagation of the shock wave is
ts ~ - = 2.9 x l(T 6 s
c

(2.56)

Again, by comparing these two characteristic times, it could be concluded that the
flow is very close to the isothermal flow.
This flow possesses characteristics different from those of conventional shock tube
flows, involving lower speeds of propagation of disturbances and dramatic smoothing
of the discontinuities, due to heat the transfer. The smoothing of the shock wave in
the lower initial pressure ratios reduces the shock wave into a pressure wave. This
smoothing even can result in complete disappearance of shock wave which is seen in
the results for the pressure ratio of 3. However, the temperature distribution along
the channel still does not show the isothermal behavior as it is expected. In fact,
the simulations performed by Zeitoun and Burtschel [2006], also, did not show the
isothermal behavior for the microscale shock tube.
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2.6 — Microscale shock tube simulated by one-dimensional numerical method
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3

GAS FLOW IN MICROCHANNELS
A step by step procedure for the fabrication of microscale shock tube should start
with the fabrication of microchannels and characterization of gas flow inside them.
These microchannels have the hydraulic diameters around 10 /im, just like the microscale shock tube for which predictions were made. In fact, the study of rarefied
gas flow inside the microchannels has been already conducted and is still in progress
[GadelHak, 2001]. However it is more desirable to establish the experiment in higher
ranges of Reynolds and Mach number (Re > 100 & M > 0.1 ) which expected to
be presented in the microscale shock tube. In addition, from the technical point
of view, since the microscale shock tube is a complicated device to fabricate, it is
preferable to start the fabrication with the simple microchannels and then advance
further by adding the other components. This way, the required proficiency will be
acquired to continue with the next more difficult steps.
The rarefied flow has been an interesting domain of research in the fluid mechanics. It has many applications such as in the design of reentry space capsules
for which the characteristics of high Mach number flow around the objects over the
stratosphere need to be known. Meanwhile, in the study of gas flow in very small
scales, the same phenomenon is investigated. In fact, the published literature has
reported the study of this type of flow. GadelHak [2001] provided a methodical
approach to the flow modelling for a broad variety of micro-devices. He presented a
survey of broad available methodologies to model and compute transport phenomena within the micro-devices. Roy et al. [2003] developed a two-dimensional finite
element-based microscale flow model to efficiently predict the overall flow characteristics up to the transition regime for reasonably high Knudsen number flow inside
the microchannels and nano-pores. Their presented two-dimensional numerical results for Poiseuille flow of a simple fluid through the microchannel were comparable
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to the numerical and experimental data. Hajiconstantinou and Simek [2002] investigated the constant-wall-temperature convective heat-transfer characteristics of fully
developed two-dimensional flow in micro and nano-channels. Their investigation
covers the slip flow and transition regimes using slip-flow theory in the presence of
axial heat conduction. Their results show that the slip-flow prediction is in good
agreement with the Direct Simulation of Mont Carlo results for Kn < 0.1, and that
the Nusselt number decreases monotonically with increasing Knudsen number in the
fully accommodating case, both in the slip flow and transition regimes. Jain and
Lin [2006] performed numerical simulation of nitrogen gas flow in the long square
cross-section microchannels. They used a three-dimensional continuum model with
slip and no-slip boundary conditions and validated the results with the available
experimental and numerical results. They have found that for incompressible flow
when Dh is less than 60 fim, a slip boundary condition must be applied. For compressible flow, a parametric study was conducted for Dh = 1/um and L/Dh = 200
and variable pressure ratios that turns out that the increase in pressure ratio leads
to increase in compressibility effects while the rarefaction effects start diminishing.
Renksizbulut et al. [2006] numerically investigated the rarefied gas flow and heat
transfer in the entrance region of rectangular microchannels in the slip-flow regime.
They examined the effects of Reynolds number, channel aspect ratio, and Knudsen
number on the simultaneously developing velocity and temperature fields. They observed very large reductions in the entrance region, the friction factor and Nusselt
number due to rarefaction effects.
Most of above mentioned literature studied the compressible flow in subsonic
regimes. Since the flow in microscale shock tube is at higher Mach numbers, it is
desirable to study the gaseous flow at higher Mach numbers where the choking of
flow is an important matter and the characteristics of flow under choking condition
should be clarified. It is not expected that the flow in atmospheric 10 yum shock tube
with estimated Knudsen number smaller than 6.5 x 10 - 3 lays in the rarefied regime.
The objective of this chapter is to experimentally characterize such a gas flow in a
set of geometrically different microchannels. The microchannels will be fabricated
and will be tested at different values of Reynolds and Mach numbers.

38

3.1 Theory

3.1

Theory

The pressure drop in the region between the shock wave and the contact surface
in a microscale shock tube (Fig. 2,7) is the result of momentum and thermal diffusions. The mechanism of diffusion in this region of the microscale shock tube is
very important to be investigated. In fact the flow in a shock tube is an unsteady
flow, but in a microscale shock tube as it was concluded, from equation 2.55 and
2.56 the transport effects are predominant and their characteristic time is an order
of magnitude less than that of the propagation of shock wave. This justifies the
investigation of transport phenomena in microscale shock tube by conducting the
experiment on the steady state gas flow in microchannels.
3.1.1

General comments on duct flow

Assuming one-dimensional adiabatic steady flow of a perfect gas with constant specific heats through a constant area channel, the energy and continuity equations can
be integrated along the tube to obtain the Fanno line [Thompson, 1972] (Fig. 3.1)
?—^- = In T + 1^-1 ln(r* - T) + constant

(3.1)

where s and cv are entropy and constant volume specific heat, respectively, and the
subscript 1 and t denote the condition at entrance and total condition, respectively.
It represents the locus of states that can be obtained under assumption of Fanno
flow for a fixed mass flow rate and total enthalpy. At point p, where ds/dT = 0,
the Mach number is equal to 1. The upper section of the curve corresponds to the
subsonic flow and the lower section of curve correspond to the supersonic flow.
From practical considerations it is necessary to determine the change of properties
with actual duct length and this requires the use of the momentum equation, with
a term accounting for friction forces acting on the control volume. The details of
such a calculation can be found in Thompson [1972] and the resulting relation is:
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FIGURE

3.1 - Fanno line

In this equation / is the coefficient of friction which is related to the Reynolds
number and roughness of the channel, Lmax is the length needed for the flow with
certain Mach number (M) at the entrance to become choked (M = 1) at the exit,
Dh is the hydraulic diameter of the channel. The values of this integral are tabulated
and can be found in most of gasdynamics textbooks such as Thompson [1972].
During the gas flow inside the micro channel, the gas is in thermal equilibrium
with the surrounding solid walls. This flow has different characteristics from Fanno
flow, involving heat transfer as well as friction. Like before, integrating the continuity, momentum and energy equations results in

IL
Dh

Mx2
+ ln 2
7M2
M,

1
7M1

(3.3)

and also because the fluid goes through an isothermal process
Mi

Pi

M2

Pi

(3.4)

Unlike the Fanno flow, the critical Mach number in isothermal flow is not 1, but
M = 1/y/j- This means that for M < 1/y/i, M increases along the channel, whereas
for M > 1/^/7, M decreases. The Reynolds number in the channel is defined based
on the entrance properties as
Re

piUxDh
/i

m
»(A/Dh)
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(3.5)
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The coefficient of friction (/) in the channel for a laminar flow is [White, 2003]
/ =

64
Re

(3.6)

For sonic flow of atmospheric air in a 10 /mi hydraulic diameter and 1 mm long
microchannel

/RJ0.3

and therefore

IL

64/
ReDh

0.3 x 1000//m
10fj,m
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(3.7)

Dh~
ReDh
= 0.533
(3.8)
4L
and for more rarefied gas it has smaller values. To have a better understanding of the
behavior of flow in such channel, assume that the air enters the channel with Mach
number M\ and chokes at exit. Equations 3.3 and equation 3.4 can be combined to
obtain
and the scaling parameter is

64L
ReDh

1
7M1 2

-21n§

P*

(3.9)

Figure 3.2 represents the variation of Mi versus pressure ratio at different values
of scaling parameter. It can be seen from this figure that, for a certain channel,
the Mach number cannot be increased considerably by increasing the pressure ratio
across the channel. To achieve higher Mach numbers, the value of scaling parameter
should be greater. For a fixed geometry this can be obtained by increasing the
Reynolds number via increasing Pi. For example, it can be seen from the figure that
an entrance pressure of 100 atm (scaling parameter equal to 32) can produce Mach
number about 0.55 for pressure ratio of 1.5. Therefore, practically, it is not easy to
have the steady transonic flow of gas in such a microchannel. The Mach number
in the channel increases and in the limit it reaches to 1/^7- Table 3.1 shows some
values of pressure and Mach number for the above mentioned microchannel.
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FIGURE 3.2 — Plot of entrance Mach number versus pressure ratio across
the channel for different values of scaling parameter^ =
1.4)

TABLE

3.1.2

3.1 — Some values of pressure and Mach number at the entrance
and exit of choked laminar flow in a 1 mm long microchannel
with the hydraulic diameter of 10 /xm
Ptl (bar)

Mi

Px (bar)

P 2 (bar)

M2

Pt2 (bar)

1.004

0.075

1.000

0.088

0.845

0.139

5.183

0.160

5.091

0.964

0.845

1.538

74.760

0.410

66.593

32.310

0.845

51.557

176.323

0.500

148.640

87.955

0.845

140.346

Rarefaction considerations

Up to know, the flow in the microchannel is assumed to be within the continuum
approximation. However, the rarefaction effects could be important for some microchannel flows. Usually, to evaluate the effects of rarefaction in flow we refer to
the Knudsen number of flow. For an ideal gas for which the molecules are modelled
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as rigid spheres, the mean free path of the molecules can be calculated in terms of
temperature and pressure [GadelHak, 2001]
KT
A = -^—

(3.10)

where K is the Boltzmann's constant and c is the molecular collision diameter.
For helium at atmospheric condition the mean free path is about 2 x 10 _7 m. In a
continuum flow the value of Knudsen number is small. For a sufficiently low pressure
macro-scale flow or a moderate pressure microscale flow the value of Knudsen number
can be large enough such that we can no longer speak of the fluid as a continuum
and thus we must consider the interaction between the individual molecules and the
surfaces. Using the kinetic theory of gases, the Knudsen number can be expressed
in terms of the Mach number and the Reynolds number [GadelHak, 2001]

K

* J E " .
2V 2 Re

(3.11)

v

;

It can be seen that the rarefied gas flow can occur at a combination of high Mach
numbers and low Reynolds numbers. Table 3.2 shows the different regimes of flow at
different values of Mach number and Reynolds number. In our desired experiment
on the microchannel flow, the pressure may vary between 100 kPa and 10 MPa. The
Knudsen number thus varies between 10~2 and 10~4. This flow is a continuum flow
which can be assumed as slip flow in low pressures and as no-slip flow in higher
pressures.
The shear stress at the wall for both slip and no-slip conditions can be expressed
as

r

-"£L

(312)

-

where \i is the viscosity of the gas. In the no-slip condition the velocity near the wall
is zero and the flow field can be determined with respect to this boundary condition.
In the slip flow, since the scale commensurate with the mean free path of the gas,
the velocity at the wall can no longer be considered as zero. In this case, the velocity
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TABLE

3.2 — Flow regimes for different Mach number and Reynolds number combinations [Arkilic et al., 1997]

Re
1

M = 0(H) )

M = 0(10°)

Re =

0&
Li

Hypersonic
Fanno
flow
(transitional),
Kn = 0(1)

Hypersonic free
molecular
flow,

Hypersonic free
molecular
flow,

Kn = 0 < £ )

Kn = 0{±-f

Transonic
Fanno

Transonic microflow, Kn = 0(1)

Transonic
molecular

Kn
M = 0(H)- 1 )

Re = 0(1)

= °<K>

0(

flow,

*» = 0(A)

T}

Subsonic
Fanno

freeflow,

Moderate
micro-flow,

flow,

Kn = Q&Y

Kn =

Li

Creeping microflow, Kn = 0(1)

0&)
Li

near the wall is commonly described by the Maxwellian boundary condition
du
dy

y=o

1 u
A 2 - w u ltf=0

(3.13)

where u is the tangential momentum accommodation coefficient (TMAC) which can
vary from 0 for a completely specular momentum accommodation to 1 for a completely diffusive momentum accommodation. TMAC represents the average streamwise momentum exchange between gas molecules and the solid surface, such that
thy

UJT

U!

(3.14)

Ui

where ttj and ur are average incident streamwise velocity and average reflected
streamwise velocity, respectively. From the molecular point of view, when molecules of gas strike the wall, a part of them lose their momentum and are absorbed
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TABLE

3.3 — The analogy between boundary conditions for laminar flow of
gas in a microchannel and heat dissipation in a solid rectangular rod. 9 = T — Ta & n is the dimension perpendicular to
the boundary.
Rectangular rod

MicroChannel flow

Ta

Dirichlet boundary condition

Neumann boundary condition

Cauchy boundary condition

dn

w

J

wmm
ra

0= 0

u = 0 (No slip)

JSJ

= -r- (or = 0)

7— L = —0L
an
k*

— | w = — (or = 0)
dn
V

du.
dn

1 u
u\w (Slip)
A2-u

and redirected in all directions from the solid surface, corresponding to the temperature of the gas and the wall. However, the gas can have some overall slip velocity
near the wall. The TMAC has been measured under a variety of conditions by Arkilic et al. [2001]. The experiments have been done in the microchannels with high
aspect ratios that can be assumed as two-dimensional flow.
Interestingly, the slip boundary condition in a microchannel flow is analogous to
the convective heat transfer boundary condition for a solid rectangular long rod that
dissipates heat into the surrounding ambient as shown in Table 3.3. In this context
the Knudsen number could be analogous to the inverse of Biot number which is
defined as the ratio of the internal thermal resistance of a solid to the boundary
layer thermal resistance (Bi = hD/ks).
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3.2

3.3 — Schematic of experiment setup

Experiment

An experiment is planned to measure the effect of momentum and thermal diffusions
on the gas flow inside the microchannels. The pressure loss in such channels is a
function of Reynolds number, the geometry (l/Dh) and the Mach number

T2=!(k'Re'M)

(3.15)

The Knudsen number can be derived from Mach number and Reynolds number. The
test aims at measuring the pressure difference and flow rate across the microchannel. To design the experiment setup, it is necessary to estimate the measurands.
Regarding the data in Table 3.1, 10 MPa pressure in the entrance can produce
Mach number about 0.55. The experiment setup should allow us to provide and
measure the pressures around 10 MPa. A schematic diagram of experiment setup is
shown in Fig. 3.3. It consists of a chamber to install the microchannels and establish the inlet and outlet connections. The measurement of flow rate is performed by
means of the movement of a mercury bead inside a precision bore glass tube. This
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FIGURE

3.4 - Experiment setup: (1) Flow meter. (2) Ice-water tank. (3)
Mercury trap. (4) Chamber. (5) Mercury feeding syringe.
(6) Outlet valve. (7) Inlet valve. (8) Bypass valve. (9) Pressure transducer.

setup is entirely immersed in an ice-water tank to ensure a uniform and constant
temperature environment needed for flow measurement. The total pressures Pt\ and
Pt2 across the microchannel are measured with 2.5% error. Since the flow meter
is vented into the atmosphere, the Pt2 cannot be less than 101 kPa in the tests.
Therefore, for a choked channel, the minimum and maximum of Pt\ are 320 kPa
and 2 MPa respectively. The minimum and maximum of Pn are 100 kPa and 1.7
MPa. Both pressures were measured using pressure transducers. Figure 3.4 shows
the experiment setup.

3.2.1 Gas flow measurement
The flow rate in microchannel can easily be estimated. The Mach number of 0.55 in
the entrance gives the corresponding volumetric flow rate at atmospheric conditions
V = MxaDh2 = 0.55 x 343.3 x (10~5)2 = 1.888 x 10" 8 m 3 /s = 1.133 ml/min. (3.16)
Such a small flow rate of gas cannot be measured easily by ordinary commercial
flowmeters. This flow rate may be measured by a method based on the accumulation
of gas and measuring the increase in either pressure or the volume of gas. For a
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perfect gas we have
m =

PV

(3.17)

where V is the volume, therefore,
m—

P dV
V dP
+
RT dt
RT dt

PV dT
RT2 dt

(3.18)

In an isothermal constant volume system, the accumulation of mass results in the increase of pressure and in a constant pressure system the accumulation of mass results
in the increase of the volume of the accumulated gas. Practically, it seems that it
is easier to use the constant volume vessel. However, for higher accuracy a constant
pressure system produces more accurate results. In both approaches the overall mass
of the gas in the system is an important parameter that reduces the measurement
errors. A precision bore glass tube (2.999 ±0.005 mm ID x 1016 mm length) is used
as a cylinder an a bead of mercury as a piston. The constant temperature is provided
by an ice-water two phase medium. The melting temperature of ice has a negligible
dependence on the pressure. Based on the meteorological data from Environment
Canada, the atmospheric pressure in Sherbrooke can have a maximum variation of
±2 kpa during a day and of course it has a smaller variation during a test time
which is about an hour. The error in reading the distance passed by the mercury
bead is about 1 mm or 0.1% of tube length. For the previously mentioned tube, the
total error in measuring the volume is
AV

AD

Ax

0.005

n

n^M

n

inM

(3.19)

where D and x are the diameter of glass tube and the distance travelled by mercury
bead, respectively, and the overall error in measuring the mass is
PV
'in

RT
(3.20)

Am
m

=

AP
AV
+
+
V
P

AT
T

1% + 0.43% + 0 = 1.43%
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3.5 — Schematic diagram of chamber

3.2.2 The validity of isothermal flow assumption
To verify the validity of isothermal flow assumption in the experiment, assume the
simplified control volume surrounding the chamber shown in Fig. 3.5. A simple
calculation can be performed to estimate, for example, the amount of overall heat
absorption during the isothermal expansion of air from the pressure of 10 MPa in the
inlet port to 2 bar at the outlet port. The corresponding flow rate for this condition
is about 50 mg/min and the heat absorption is
Q

1.004 x 10- 6 W

= lhf^.-^pj=

(Tx = T2)

(3.21)

The chamber can be modelled as a cylindrical piece of stainless steel with the
microchannel located in the middle of it. The chamber is sunk in the ice water
mixture and the temperature is set at 0 °C. The thermal conductivity of stainless
steel is 14.4 W/m • K. The temperature difference across the chamber walls at which
the above calculated heat absorbtion takes place, can be determined.
AT

„

fr~«
ksteeiAwaii

=

1x10^x0.026
14.4x0.035

= 496 x

10_8R
v

'

where rwau is the chamber's wall thickness and A is the chamber's overall surface.
This calculated temperature difference is certainly negligible in this experiment.
T h e m o r e d e t a i l o n h e a t transfers in t h e inlet a n d t h e o u t l e t p o r t s of channel c a n

be calculated by correlation recommended by Whitaker appeared in Incropera and
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Witt [2002] for the flow of fluid inside a channel at constant wall temperature

and the convection heat transfer coefficient is
h

~

Nuk _ (9.7)(2.63 x lQ-») _
_W_
5
12755
D ~
(2X10- )
m^K

(3>24)

The amount of heat transfer in an isothermal acceleration of 60 mg/min air to the
Mach number of 0.55 is about 2 x 10 _2 W. Using the above convective heat transfer
coefficient, the temperature difference needed to dissipate this heat transfer in a
1 mm 2 surface is about 1.57 K which is not a large temperature difference. In fact,
this calculation is done for highest predicted Reynolds number and for the lower
Reynolds numbers the temperature difference would be smaller since the Nusselt
number is proportional to Reynolds number to the power of (1/3) while the flow rate
is proportional to Reynolds number. As a conclusion, the flow in the microchannel,
itself, can be assumed to be completely isothermal and the assumption of isothermal
flow for the inlet and outlet plenums produces an error around 1%.

3.2.3 The test procedure
In order to study the effects of geometry on the flow, the tests have been established
in a few geometrically different microchannels by measuring the flow rate (m) at
different values of Pti and Pt%. The hydraulic diameter of a rectangular section
channel is

* - J »

(3,5)

where a and b are width and depth of channel respectively. The depth of all the
microchannels were the same (desired to be 10/xm). The selected combination of the
length and the width of the channels is shown in the Table 3.4. In this Table the
channel (I) is assumed to be the principal channel. Channels (II) and (III) have the
same aspect ratio and hydraulic diameter as (I), but different L/Dh. Channels (IV)
and (V) have the same L/Dh as (I) and equal aspect ratio, but different hydraulic
diameters. The channel (VI) has the same L/Dh a s (I)? but higher aspect ratio. In
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TABLE 3.4 — selected geometries for microchannels
I
L (/JIII)

a (fim)
b (/J,m)
Dh (/an)

L/Dh
a/b

Pfi

II

III

IV

V

VI

VII

1000

571 1412
4
24

TABLE

3.5 - Suggested values for Pt\ and Pti

300 3000
10 10 10
10 10 10
10 10 10
100 30 300
1
1
1

VIII

0 Closed
50
10
0.0
10
10
10
10
0.0
5.7 14.12 16.67 10
0.0
100 100 100 0.0 Closed
1 Closed
2.5 2.4
5
1667

Test I

Test II

Test III

Test IV

Pn=45 psia

F t i=80 psia

P t i=140 psia

P a =250 psia

Wide open

Wide open

Wide open

Wide open

|
40 psia

1
72 psia

j,
125 psia

i
225 psia

3 steps

3 steps

3 steps

3 steps

order to evaluate the pressure losses in the tubing and inlet and outlet plenums, a
zero length microchannel (VII) undergo the same test as for others. The geometry
of inlet and outlet ports are the same for all the channels. The blocked channel
(VIII) will be used to test the sealing of experiment setup. The above mentioned
microchannels undergo tests with a variety of P t i and P t2 , and the corresponding
flow rates are measured. Since it is not practical to maintain the flow rate m at a
certain value and change the P tx and P i2 , the test is done by fixing the Pt\ at the
desired values shown in the Table 3.5 and changing the P i 2 between the maximum
{Pn, where there is no flow) and the minimum (wide opened valve, choked flow) and
measuring the flow rate.
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FIGURE

3.2.4

3.6 — The control volume surrounding the inlet or outlet port
used to calculate the thermodynamical properties at entrance and exit of channel

Derivation of nondimensional parameters in terms of experiment
measurands

The experiment aimed at evaluating the diffusion effects (Pi/P 2 ) versus flow properties (Re,M) and geometrical properties (a/b, l/Dh)- These non-dimensional parameters can be determined from measurands of experiment. The Reynolds number
can be derived as
Re = P^lBh =
*
(3.26)
fi

fiaDh

where a for a circular section is 7r/4 and for a rectangular section is
a2 + b2 + 2ab

1 fa

1

\

,n

nn.

To calculate the Mach number and static pressures at the entrance and the outlet
of the channel, we refer to the control volume shown in the figure 3.6. The process
from condition £1 to the condition 1 is assumed to be isothermal. The conservation
laws for this control volume are
PtiUtiAn = piUiAi = m
PnAti + muti = P1A1 + rhux
m (cpT + ^-J

+Q = m (cpT +
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along with the equation of state for an isothermal process
^- = ^
Pi

(3.29)

Pi

Since the pressure transducers are connected to the large scale inlet and outlet ports
that has diameter about 103 times greater than the diameter of microchannels (106
times greater section area), ut\ in momentum and energy equations can be neglected
and also it can be assumed that the measured pressures are the total pressures of
gas. After simplification, the two unknown values Pi and U\ can be calculated form
this simultaneous system of equations
PtiAa - PiaDh2 = mux
mPg
pnaDh2ui

( 3 - 3 °)

this procedure can be followed to calculate both the entrance and the exit properties.

3.2.5

Refinement of experimental data

In order to quantify the effects of inlet and outlet plenums on the chip, a chip
that has only the inlet and outlet plenums without channels goes through a set of
carefully controlled test. The following calculation with respect to the notation in
Fig. 3.7 has been done. For the flow through the microchannels, the conservation
of momentum equation for three control volumes surrounding the inlet plenum, the
channel, and the outlet plenum can be written as:
C.V.I

PtiAn + rhVti = PiAi + thVi + Ai

C.V.2

PXAX + rhVx = P2AX + mV2 + A^2

C.V.3

P2A2 + rhV2 = Pt2At2 + mVt2 + A 2

(3.31)

where A 1 ; Ax_2 and A 2 are the friction losses in the inlet plenum, the channel, and
the outlet plenum respectively. The same equations can be written for the chip
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With microchannel
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C.V.5

Without microchannel

P*

FIGURE

P*

r

t2

3.7 - The Control volumes (C.V.) used to quantify the plenum
losses

without channel.
C.V.4 :

Pt\Atl + mVt\ = P^AX + mV? + A*

C.V.5 :

F x Mi + rhV{ = P?2At2 + rhVt*2 + A*2

(3.32)

where the superscript * denotes the values for the chip without channels. Prom the
test on the chip without channel
At + A; = P*iAn + fnVti - Pt*2At2 + mVtl = known.

(3.33)

To obtain the values of A* and A 2 separately, the ratio of AJ/A2 should be determined. The geometry of inlet and outlet plenums are the same but the direction of
flow in them are opposite. However, since the hydraulic diameter along the plenums
does not have a large variation, the number of unknowns can be reduced assuming
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that

A; <X ]paAaV*\' 1
A ; <X \pt7At2vSi' J

A; = mV£ = VI = J £
A
5 * v s va ^

and calculate the values of A* and A£. Now, the values of Ai and A2 can be
determined by performing the tests on the chip that has no microchannel. The flow
rate and pressure in these tests were carefully controlled to generate data necessary
for the following argument
In the tests at same m and Pt\: Ai = A J
In the tests at same rh and Pt2- A2 = A2
The calculated values of Ax and A 2 were then subtracted from the pressure drops
across the chips leaving the net pressure differences across the microchannels itself.

3.3

Microfabrication

Choosing the proper fabrication procedure is the first step in fabrication of microchannels. The fabrication method should be easy and result in the satisfactory
geometrical and mechanical characteristics. Most of microfabrication procedures are
borrowed from microelectronics. The two well known approaches are surface micromachining and bulk micromachining. Surface micromachining is based on the deposition and etching of different structural layers while bulk micromachining defines
the structures by selectively etching inside the substrate. In the surface micromachining approach the microchannels could be created by deposition and patterning
of a sacrificial layer followed by deposition of a layer of silicon nitride and removal
of the sacrificial materials [Lee et al., 2002]. This method includes many individual lithography steps and good mechanical strength and small aspect ratios cannot
be obtained, whereas in the bulk micromachining the microchannels can simply be
fabricated by anodic bonding of a plasma etched silicon wafer and a pyrex wafer as
shown in figure 3.8. For better visibility in Fig. 3.8, only one microchannels (instead
of 20 microchannels on a 3-inch substrate) is shown.
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FIGURE

3.3.1

3.8 — The microfabrication procedure:
I- Etching of channel and inlet and outlet plenums (10 /xm
deep) on a 600 /xm thick DSP silicon wafer.
II- Etch through the wafer to make the inlet and outlet
holes.
III- Dicing the wafers into 9 x 14 mm 2 chips.
IV- Anodic bonding to the Pyrex slabs to cover and seal
the channel.

Etching of microchannels

The Deep Reactive Ion Etching (DRIE) was developed by Bosch [Ayon et al., 1999;
Jensen et al., 2004] to provide the micromachining community with the capability
of etching high aspect ratio features on the silicon wafers. The process involved
in DRIE are cyclic etching and passivation. The etch cycle uses SF6 to etch the
silicon in 5 to 15 seconds depending on the thickness removed. In the passivation
cycle, about 10 nm thick layer of fluorocarbon polymer (similar to Teflon) is plasma
deposited on the surfaces of the etched trench using C4F8. In the next etching cycle,
the Teflon layer on the bottom of channel is removed but the protective polymer on
the sidewalls still remains intact. The repetitive alternation of etch and passivation
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cycles provides a very directional etch at rates between 1.5 and 4 ^m/min. Although
this process produce scalloping on the walls, it exhibits a roughness less than 50 nm
which is even good for optical applications. Different efforts in DRIE using Advanced
Silicon Etching (ASE) machine from Surface Technology Systems (STS) lead to the
proper recipe and the etch time to obtain the vertical wall profile and desired depth.
The important parameters that can influence the etch results are the exact etch time,
the type of photoresist and baking and post baking recipe to prevent the round edges
of photoresist. The round edges of photoresist film result in the inclined walls. The
final recipe for microchannel etching is explained in Appendix A.l.

3.3.2

Etch through the wafer

To make the inlet and outlet connection to the channels, the wafer is etched to the
back of the wafer. Since the etch time is too long there is need for a thick layer of
photoresist to remain on the surface of substrate until the end of the process. Since
some features already etched on the surface of the wafer, the photoresist may not
have a uniform thickness all over the surface of the wafer and that may lead to some
damages to the surface of substrate during long etch period. The possible damages
can be prevented using a thicker layer of photoresist. The etch time is 180 minutes
and the recipe for etching through the wafer is in Appendix A.3.

3.3.3 Dicing the wafer
The wafer is then diced into 20 (9 x 14mm) chips using a 300/mi thick diamond saw.
The same cuts were established on the Pyrex 7740 wafer. In order to measure the
cross section dimensions of each microchannel on the true sample a control channel
has been designated specially for that purpose on every chip. This channel can be
observed after dicing the wafer using SEM. The results of these measurements are
shown in Fig. 3.9 and Table 3.6.

3.3.4 Anodic bonding
To cover and seal the channels, the diced silicon chips are bonded to Pyrex 7740
wafer of the same size using anodic bonding process. Anodic bonding (or field
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T A B L E 3.6

-

The desired and SEM measured dimensions of the control
channels

Chip number

Desired a x b (/mi2)

Measured a x b (/um2)

I

10 x 10

113.30 x 9.83

II

10 x 10

12.10 x 10.05

III

10 x 10

13.24 x 9.55

IV

4 x 10

5.55 x 10.18

V

24 x 10

27.62 x 9.95

VI

50 x 10

57.55 x 9.40

VII

10 x 10

14.17 x 9.40

assisted thermal bonding) is most common technique for MEMS packaging due to
its simplicity and reliable hermetic sealing [Knowels and Helvoort, 2006]. Figure 3.10
shows the mechanism involved in anodic bonding. The bonding of silicon and glass
is accomplished by the formation of an extremely thin layer of Si02 as a result of the
applied electric field. Under the influence of the electric field, the sodium ions in the
glass migrate towards the cathode and leave behind a depletion zone with negative
charged O J. These ions can be chemically bonded to the Si + ions in a hot sandwich
to form a very thin layer of Si02- Pyrex 7740 is a popular glass for the bonding
with silicon as this particular type of glass is rich in sodium. The two surfaces to be
bonded must have a surface roughness of less than 0.1 /xm to allow the surfaces to
mate closely. The pieces to be bonded are aligned and heated up on a hot plate in
the room atmosphere to a temperature between 400 — 500°C. A DC power supply is
connected to the assembly such that the silicon is positive with respect to the glass.
When a voltage, measured a few hundreds volts is applied across the assembly,
the glass seals to the silicon. Fig. 3.11 shows the two possible setup for anodic
bonding. In the first setup the Pyrex wafer is on the top. This allows to observe
the change of color and the completion of process through the transparent Pyrex.
The problem with this arrangement is that the Pyrex is a dielectric material and by
using an electrode the electric field is not uniform in the whole wafer. In the second
arrangement the Pyrex seats on the aluminum plate. This allows better electric
field uniformity (doped silicon wafer is conductive) and higher temperature in Pyrex
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4//m x lQ/j,m

10/mi x lOyum

24/jm x 10/j.m

50/um x 10/um

FIGURE

3.9 — SEM images show the measured dimensions of channels.

to produce more Na + . The descriptive recipe for establishing anodic bonding is in
Appendix A. 12. Figure 3.12 shows one of the microfabricated chips that is ready to
be installed in the experiment setup.

3.4

Results and discussion

Figure 3.13 shows the values of entrance Mach number versus scaling parameter at
different pressure ratios. The experimentally measured values are compared with the
theoretical values of the isothermal flow from equation 3.9. No significant difference
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3.10

Schematic showing the mechanism of anodic bonding between silicon and pyrex 7740

Copper electrode

Copper electrode
Pyrex
Silicon
Mica

Aluminum
plate

Hot plate

Hot plate
FIGURE

3.11 — Schematic diagram of two possible setups for anodic bonding

can be seen between the two categories of data and this upholds the validity of
isothermal assumption for the steady flow of gas in microchannels etched in silicon
substrates. However, small discrepancies between two types of d a t a is seen at lower
pressure ratios and higher scaling parameters. This is not surprising since the higher
scaling parameter means lower momentum and thermal diffusion which cause the
flow to start to differ from isothermal flow and this consequently results in higher
Mach number.
The measured friction coefficient versus Reynolds number at different values of
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9 mm

Inlet and outlet hole

FIGURE

3.12 - Photo shows the final chip after dicing and bonding

Knudsen number is shown in Fig. 3.14. It clearly shows that the flow inside the
microchannel follows, almost, the laminar behavior over the experiment's range of
Knudsen numbers. However, for higher values of Knudsen number, the flow starts
to differ from the laminar behavior. This is, of course, the transition from no-slip
flow to slip flow that takes place at Knudsen numbers around 0.007. According to
GadelHak [2001], the no-slip and no temperature jump boundary condition should
be assumed for flow with Knudsen number less than 0.001 and the first order slip
and temperature jump should be assumed for 0.001 < Kn < 0.1. Therefore, based
on his criteria, all of these experiment results lay in the realm of continuum flow
with slip and temperature jump boundary conditions. Since the velocity near the
wall for a slip flow is no longer equal to zero, the shear stresses in boundary layer
are less compared to those of the no-slip flow and that explains the smaller values
of friction factor for the slip flow regime.
Figure 3.15 represents the comparison between normalized Poiseuille number
measured in the experiment and the normalized Poiseuille number numerically calculated by Jain and Lin [2006]. The normalized Poiseuille number for a compressible
flow is defined as

C*

\J •t^^-jCompressible

c = 77~p~\
\J•tt>6) Incompressible
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FIGURE 3.13 — Comparison of measured and calculated (Equation 3.9)
entrance Mach number versus scaling parameter at different pressure ratios
In the numerical results, the normalized Poiseuille number is calculated for both slip
and no-slip boundary conditions. It was assumed that for nitrogen flow in square
channel with hydraulic diameter less than 60 /mi, slip boundary condition must
be applied. For the numerical results, the compressible no-slip flow have a higher
Poiseuille number and it increases slightly with increasing pressure ratio. Not sur62
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3.14 — The measured friction coefficient as a function of Reynolds
number for different ranges of Knudsen numbers.

prisingly, the compressible slip flow has lower friction factor and it has stronger
dependence on the pressure ratio across the microchannel. Overall, the experimentally measured friction coefficients are higher than numerical results. One possible
reason for this difference could be the roughness of microchannels in experiments
which is on the order of a few 10 nm for the DRIE etched surfaces of both microchannels and plenums. In addition, the procedure of removing the effects of
plenums might not be accurate enough and that results in errors in the results of
experiment. A dramatic decrease is seen in the experimental Poiseuille number for
pressure ratios less than 1.5. In fact, there are no numerical results in this range of
pressure ratios to be compared with these results but generally it is expected that
Poiseuille number should be less for lower pressure ratios since the compressibility
effects are not present at smaller values of pressure ratio.
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Jain and Lin [2006]

Conclusion

The steady flow of compressible gas in microchannels with hydraulic diameters,
Reynolds numbers and Mach numbers in the same ranges as the predicted microscale
shock tube has been experimentally studied. From this study it has been revealed
that rarefaction effects start to appear from Knudsen number greater than 0.007
Therefore, the flow in microscale shock tube can be fairly explained by laminar
no-slip assumption. Although the experimental results confirm the assumption of
isothermal flow in microchannels, since the flow in microscale shock tube is not
steady, care must be taken when extending this assumption to the microscale shock
tube.
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4

SHOCK PROPAGATION IN MICROCHANNEL
It is now time to advance further and observe the propagation of shock waves in
microchannels. To achieve this, a microscale shock tube must be built and tested.
Depending on the microfabrication possibilities, it is desired to be a shock tube with
hydraulic diameter in the order of 10 jum and that is because the flow in such a
microchannel showed a kind of transition between slip and no-slip flow as it was
seen in the last chapter. The geometry of this shock tube may differ significantly
from an ordinary shock tube.
An ordinary shock tube consists of four basic components: a driver tube, a driven
tube, a membrane and instrumentation. To avoid the tremendous complexity of
fabrication and integration of different components of the shock tube, the present
project focuses on the fabrication of the driven tube and instrumentation. The
common shock generation mechanism in ordinary shock tubes that uses the high
pressure driver tube and membrane cannot be easily scaled down. This is because
of the very large pressure difference needed to break a microscale membrane. A
simple calculation shows that a 10 /xm square gold membrane needs to have the
thickness in the order of a few times the distance between its atoms to be broken at
ordinary pressure ratios in shock tubes. Even if one can make and integrate such a
membrane with a micro tube, it would be a porous membrane that cannot maintain
the desired pressure difference. Instead, a microscale shock tube that includes only
the driven tube and instrumentation will be installed in an ordinary scale shock tube
and exposed to an incoming shock wave as shown in Figure 4.1. Since the entrance
of channel is small compared to the surface of the solid wall (the left side wall in
Fig. 4.1), the incoming shock wave reflects back from the solid wall . This way the
stagnated gas behind the reflected shock wave act as the high pressure driver gas
that flows into the driven tube.
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4.1 — The microscale shock tube

Since the fabrication methods at the microscales are different from those at macro
scales, the geometry of the microscale shock tube has been selected to meet the
microfabrication requirements. In most of microfabrication processes a planar twodimensional pattern is either etched or deposited on a substrate. This means that,
for ease of fabrication, the common circular section tube has to be replaced with a
rectangular section. The channel is characterized by dimensions a and b, forming
an aspect ratio a/b, and a hydraulic diameter defined as in equation 3.25. For a
rectangular section with a large aspect ratio, the hydraulic diameter is approximately
twice the smallest dimension.

4.1 Theory
4.1.1 Inviscid analysis
To obtain a preliminary understanding of what is happening in the experiment, it
is helpful to first simulate the experiment with an inviscid gas. The x — t diagram
in Fig. 4.2 shows the different regions for the flow inside and outside of the channel.
The channel is closed at the far end and is opened and exposed to the incoming
shock waves at the entrance. The thickness of the chip is very larger than the height
of the channel. Therefore, the entrance of the channel can be considered like a duct
contraction with infinite area ratio. After reflection from the side wall of chip (left
side in Fig. 4.2), the region behind the reflected shock wave from the side of the chip
is similar to a large (compared to the microchannel hydraulic diameter) reservoir of
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4.2 — The x — t diagram shows different regions of flow inside and
outside of the channel (M = 2.61).

stagnated high enthalpy gas at state "3" that expands into state "se" just after the
entrance in the channel as shown in Fig. 4.2. Depending on the values of incoming
shock Mach numbers (M), or consequently the pressure behind the reflected shock,
the expansion into the channel can be either choked at the entrance or not, as
shown in Fig. 4.3. If the flow is not choked at the entrance, the gas flows into the
channel from the rest condition behind the reflected shock wave (state "3") and a
shock wave forms and propagates in front of this flow in the channel as shown in
Fig 4.3 a. We call this shock wave "the incident shock wave" to be not confused
with incoming shock outside of the channel. Since the entrance of channel is not
a well-contoured nozzle, but rather a sudden contraction as shown in Fig. 4.2, a
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FIGURE

4.3 — The inviscid flow of gas into the channel, (a) steady expansion at the entrance (M < 1.717), (b) choked steady
expansion at entrance and unsteady expansion inside the
channel (M > 1.717)

phenomenon called vena contracta takes place in the entrance (Fig. 4.3) which is
the result of the inability of flow to turn the sharp 90° corner. The vena contracta
results in the smaller cross section area of the flow at the entrance compare to
the real cross section area of the channel, similar to a convergent divergent nozzle.
For the incoming shock Mach numbers greater than a certain value (which will be
determined) the expansion into the channel is choked at a vena contracta formed in
the entrance. In this case, the expansion occurs in two steps: a steady expansion to
the Mach number of unity at vena contracta in the entrance followed by unsteady
expansion behind the propagating shock wave in the channel as shown in figure 4.2
and 4.3 b.
To determine the incoming shock Mach number at which the flow chokes at the
entrance, we suppose that the Mach number in the entrance becomes unity (choked
flow).
Mse = 1

(4.1)

where the subscript se denotes the condition right after the steady expansion at the
entrance of channel (see Fig. 4.2). The pressure jump across the incoming shock
wave outside of channel is [John and Keith, 2006]

P1=2jM1_1_-l
Pi
7 + 1 7+1
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where subscript 1 and 2 denote the states before and after passage of shock wave
out of the channel as shown in x — t diagram of Fig. 4.2. The same relation can be
written for the pressure ratio across the incident shock wave inside the channel
P2i ^ 2 7 M, 2
Px
7+ 1

7~ 1
7+ 1

f43,
l

' '

where M4 is the incident shock Mach number in the channel which is different from
that of the incoming shock out of the channel. The particle velocity behind the
incident shock wave in the channel is [John and Keith, 2006]

where C\ is the atmospheric sound speed. The pressure ratio across the reflected
shock wave from the side of the chip can be determined in terms of the incoming
shock wave pressure jump as follow [John and Keith, 2006]
37-l\/P2\

p^_ v 7 + i ; y p 1 ;
,7+iy

(l-l

y7 + i/

u^

\Pi

The pressure drop in the isentropic steady expansion at the entrance of the channel
can be determined by [John and Keith, 2006]
Pse
^3

1
/
7-1, , o V
1 + -—-M t 2

7

(4.6)

^

and the sound speed right after the steady expansion can be determined from the
following formula [John and Keith, 2006]
C

3

Cse

„, 2
= \1A, +, 17--V1-MJ
V

(4.7)

^

To find out the incoming shock Mach number for which the flow starts to choke
(say, M(ch)), the above mentioned relations can be implicitly solved for the following
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conditions
Mse = l
Pse = P2i
Use

=

(4-8)

U2i

which gives the following values of choking Mach numbers for the incoming shock
wave outside of the channel (M^)

and inside of the channel (Mi(ch)) for at-

mospheric initial conditions inside the channel.
M{ch) = 1.717

f

N

(4.9)

Mi{ch) = 2.052
Therefore, if the incoming shock Mach number is less than 1.717, the Mach number
of the flow in the entrance of the channel is less than 1 and the only expansion is
the steady expansion at the entrance of the channel. Otherwise, if the incoming
shock Mach number exceeds 1.717, the Mach number at the entrance becomes unity
and the expansion from pressure P3 to pressure P21 occurs in two steps: the steady
expansion at the entrance to M — 1 and an unsteady expansion to Pii behind the
incident shock wave. The pressure ratio in unsteady expansion behind the incident
shock wave can be determined from the following relation [John and Keith, 2006]

^fi-r^r"'

(4,0)

se

Figure 4.4 shows the P — u diagrams for these two flows. What can be seen in
these diagrams and the x — t diagram in Fig. 4.2 is as follows. In the large shock
tube, the gas is shocked from state 1 to state 2 then the shock wave collides with
the side wall of the chip where the entrance of channel is located and reflects back
from the wall. The gas behind the reflected shock from the side wall of the chip is
assumed to be at rest with high pressure and enthalpy (state 3). This gas expands
into the channel and a shock wave forms and propagates in front of the moving
gas in the channel. The gas in the channel (state 1) is shocked by incident shock
and jumps to state 2i. As already mentioned, regarding the incoming shock Mach
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number, the expansion could be either a steady expansion at the entrance or steady
expansion at the entrance followed by unsteady expansion in the channel. The shock
jump in the channel can be simply determined by intersecting the shock curve and
expansion curve (state 2i in Fig. 4.4). Interestingly, for an inviscid gas the speed
of shock in the channel (incident shock) is greater than the speed of shock out of
the channel (incoming shock). The incident shock wave in the channel then reflects
back from the end of the channel. Before any interaction with the contact surface
and the unsteady expansion, state 3i represents the condition behind the reflected
shock wave in the channel. In fact, the pressure at state 3i in Fig. 4.4 varies across
the channel and the values shown in Fig. 4.4 are only for the reflected shock wave
before any interaction with contact surface and unsteady expansion.
In the next sections the study of real effects will include three major parts: the
viscous steady expansion at the entrance, the propagation of incident shock wave
and the propagation of reflected shock wave in the channel.

4.1.2 Viscous steady expansion at the entrance
In the previous analysis the flow inside the microscale shock tube was assumed to be
inviscid and also isentropic expansion was assumed at the entrance of the shock tube.
However, viscous stresses and heat transfer in the shock tube and its entrance may
be important and the real flow and wave propagation may differ significantly from
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FIGURE

4 . 5 — The infinitesimal control volume for analysis of isothermal

steady expansion of gas with friction
the inviscid analysis. We proceed to study these effects step by step and introduce
them into the analysis of the microscale shock tube.
It has already been concluded from equations 2.55 and 2.56 that the flow inside
the microchannel could be assumed to be isothermal. The same analysis can be
used to evaluate the assumption of isothermal flow at the entrance of the channel.
With this analysis, it is clear that this assumption can still be held in the vicinity
of the channel entrance with distances of at least one order of magnitude larger
than the hydraulic diameter of channel. Indeed the isothermal viscous expansion
of the gas at the entrance of a microchannel is a complicated phenomenon that
could be simulated by a proper CFD procedure. However, it is possible to simplify
this flow and estimate the conditions right at the entrance of channel. To do so,
we assume that the gas expands from stagnation condition into a fictitious twodimensional nozzle in the entrance as shown in Fig. 4.5. Applying the conservation
of momentum for the infinitesimal control volume shown in Fig. 4.5, we have
dPy + pyudu + f - 0

(4.11)

The shear force / can be assumed to take the form:
ii

f = g»-dx
y

(4.12)

where g is a constant. The value of g cannot be found easily and for simplification it
can be assumed to be equal to 1. Applying the isothermal condition to the perfect
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gas equation of state, the momentum equation can be reduced to
P
u
dP +-=r=rudu +gu—dx
RTX
y2

=0

(4.13)

The nozzle shape profile y{x) is unknown; however, since we wish to draw the curve
corresponding to the isothermal viscous expansion in the P — u diagram, it is helpful
that the nozzle profile be assumed a parabolic profile of the form
y = C^/x

(4.14)

The value of C is chosen to give y = 100 /im. at the distance equal to 100 /xm
from the entrance. This special profile allows us to eliminate x and y from the
momentum equation using conservation of mass for an isothermal process. The
resulting momentum equation is
P

,

2g

(du

,P + _ ^ _ ^ _

dP\
+

n

_J=0

,A^,

(4.15)

This equation is numerically integrated from u = 0 to u = cse to determine the
pressure right at the entrance of channel. Figure 4.6 represents the P — u diagram
for the viscous isothermal steady expansion at the entrance of channel. In this figure,
the curve corresponding to the shocks is the curve from state 1 to state 2 and 2i.
As before, the curve from state 2 to state 3 represents the reflected shock out of
the microchannel and the curve from point 2i to state 3i represents the reflected
shock in the channel before any interaction with contact surface and and unsteady
expansion. The unsteady expansion in the channel is represented by the curve from
state se to state 2i. The shocks and unsteady expansion curves are still assumed to
be ideal curves. Not surprisingly, the P — u diagram in Fig. 4.6 which is generated
for the incoming shock Mach number of 2.61 shows that the flow is choked at the
entrance. In fact, the generated diagrams for the smaller Mach numbers in the range
of experiment (1.65 < M < 2.61) show the same behavior under isothermal viscous
expansion at the entrance.
The comparison between P — u diagrams shown in Fig. 4.4 (M = 2.61) and 4.6
clarifies the order of importance of transport effects in the entrance of the channel.
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FIGURE 4.6 — P — u diagram of viscous isothermal steady expansion at the
entrance of channel
It can be seen in these two diagrams that by assuming the real effects only for the
entrance of the channel, the shock jump in the channel decreased from 1149 kPa to
515 kPa (more than half) and the shock speed in the channel decreased from 1091
m/s to 793 m/s.

4.1.3 Viscous incident shock propagation in the microchannei
After passing through the steady expansion at the entrance, the fluid enters the
channel where the stationary gas in the channel gets shocked by the incident shock
wave travelling in front of the incident gas flow. As it is seen in Fig. 4.2, two major
regions of flow can be distinguished in the microchannei: the region of unsteady
expansion that starts from channel entrance, where the Mach number is equal to
1, to the contact surface and the region behind the shock wave that starts from
contact surface to the incident shock wave. Since the gas in the region between the
shock wave and contact surface has a smaller density and smaller local Reynolds
number, it is expected that transport phenomena would be more important in this
region. Interestingly, this region of flow is already studied by Brouillette [2003] and a
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control volume approach was proposed to take into account the effects of viscous and
thermal diffusion in this region. Based on his control volume model, the propagation
of shock wave in the present shock tube, with the value of scaling parameter equal to
13.6, is not so different from inviscid shock propagation. In fact, the simulation with
the one-dimensional model explained in chapter 2 leads to the same result for the
propagation of incident shock wave in this microchannel. The P — u diagram shown
in Fig. 4.7 represents the comparison between the curves generated by inviscid
and one-dimensional model simulations for the incident shock wave and unsteady
expansion in the channel. As it can be seen in this figure, there is not a considerable
difference between the one-dimensional model and the ideal curves corresponding to
the unsteady expansion and incident shock wave in the channel.
From the thermal point of view, the observation of temperature distributions
along the channel simulated by one-dimensional model (e.g., in Fig. 2.7) reveals
that the flow is not isothermal as it might be concluded from equations 2.55 and
2.56. In fact the numerical simulation of shock tubes even at smaller values of scaling
parameter did not show a complete isothermal performance [Zeitoun and Burtschel,
2006]. However, it is preferable to discuss the importance of momentum and thermal
diffusions in a microscale shock tube after performing the experiment on the real
microscale shock tube.

4.1.4 Reflected shock wave from the end of microchannel
Upon arrival of the shock wave at the end of the tube, the gas close the solid surface
at the end must be at rest, with gas behind the incident shock moving with the
velocity u2. For an observer moving with the reflected wave (Fig. 4.8) a decrease
in velocity and corresponding increase in static pressure is seen across the reflected
wave, which is physically the situation for a normal shock wave. Therefore, a normal
incident shock wave reflects from the solid wall at the end of the tube as a normal
shock wave.
In the propagation of a shock wave in flows without a boundary layer the pressure
would increase discontinuously across the shock wave*. However, the presence of a
"This may include even the propagation of incident shock wave in a stationary gas in microchannel, since the boundary layer forms behind the incident shock wave.
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FIGURE 4.7 — P — u diagram of viscous simulations both at the entrance
and inside the channel
viscous boundary layer in the flow does not allow this to happen since the inner part
of the boundary layer is subsonic and discontinuities are impossible. The boundary
layer and its viscous effects cause the shock foot to smear due to pressure difference
across the free stream shock. Figure 4.8 schematically shows the A shape shock
structure which forms upon interaction of the reflected shock wave with the boundary
layer. In this figure the velocities are with respect to the reference frame attached
to the reflected shock wave and the boundary layer thickness is small compared to
the characteristic size of flow. Since the rear and leading shocks are oblique shocks,
they are weaker than normal reflected shock. The difference in shock strength above
and below the bifurcation point causes different velocities in the flow. This may
even lead to a separation bubble at the shock foot when the upstream Mach number
becomes greater than 1.3 for air [Atkin and Squire, 1992].

In a microscale shock tube the flow in front of the reflected shock wave is fully
developed and the thickness of the boundary layer and the size of the channel are
of the same order. Therefore, the interaction of the reflected shock wave with the
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4.8 — Reflected shock and boundary layer interaction in an ordinary scale shock tube in the shock reference frame[Atkin
and Squire, 1992].

laminar fully developed flow in front of it becomes a very difficult problem to analyze.
In fact the propagation of the reflected shock wave from the end of tube in low
Reynolds shock tubes was not found in the reviewed literature. However there is
still hope to predict some prominent features of such a flow:
• Since the boundary layer forms behind the incident shock wave, the reflected
shock wave at its very early time of propagation does not propagate in a fully
developed flow. Because of this, it is expected that a steep reflected shock wave
should be observed at the sensor located very close to the end of microchannel,
compared to other locations in microchannel.
• When the reflected shock wave enters the fully developed region of tube, the
upper and lower bifurcation points merge together and there is not any inviscid
region in flow anymore. Thus there is no steep reflected shock wave in the
fully developed region. Instead, a compression wave propagates towards the
entrance of the channel.
• The flow in front of the reflected shock wave could be supposed to consist of
two parts, one part is the region near the wall of shock tube with a dimin77
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ished velocity and the other part is the central core with a reduced particle
velocity. The reflected shock wave formed at the end of tube propagates in
a region that could have a comparatively small overall particle velocity. Because of this, upon entering the viscous region, the reflected shock wave may
rapidly transforms into a smeared pressure "pulse wave" propagating towards
the entrance of the channel with the speed of sound, leaving a low pressure tail
behind itself. With some exaggeration, it might be said that: at the time that
the reflected shock wave enters the fully developed region, the microchannel
could be supposed to be a reverse shock tube with a very short driver tube
(the gas behind the reflected shock in the channel) and the driven tube that
contains the gas with a very small particle velocity.

4.2

Design of the microscale shock tube

The geometry of the microscale shock tube is set as a rectangular duct which is
opened at one end and closed at another end, with a row of pressure sensors on the
wall of this duct. The duct should have a hydraulic diameter around 10 fim an a
length in the order of 1 mm. It is important that the reflecting wall which incoming
shock wave reflects back from it (as discussed in section 4.1.1) be large, reasonably
smooth around the entrance, and the channel should be perpendicular to it. Also,
since the observation of the behavior of reflected shock waves is of great importance
the end of channel should be closed to reflect the incident shock wave in the channel.
Such a geometry can be realized by deposition and patterning of different layers of
desired materials on a silicon substrate to realize the sensors and duct and then
covering the duct with another silicon substrate.
Twenty four different microscale shock tubes will be fabricated on a 3-inch silicon
wafer. Of these 24 chips, 12 chips are main chips and the rest are reference chips.
The reference chips are identical to each main chip but their sensors are intentionally
disconnected from the electrical connection paths on the chip. They are used to
measure the possible parasitic signals that may be produced from the application of
pressure on the chip. These signals should be subtracted from the signals acquired
from the main chips to give the net effect of pressure on the sensors. Table 4.1 shows
the selected geometries of microscale shock tubes. It is desired to have 6 sensors
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4 . 1 — Selected geometries of shock tubes (L: length of channel,
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along each channel and the length of sensors strips are equal to the width of the
channel as shown in Fig. 4.9. The dimensions appeared in Fig. 4.9 are for chip
number IX in Table 4.1. A missed sensor right after the entrance is not shown in
Fig. 4.9 which will be explained later.
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4.2.1 Pressure sensors
Like most of ordinary shock tubes, to acquire the practical information on the propagation of a shock wave in the microchannel, a number of sensors need to be installed
along the wall to detect the desired change of at least one physical property of the
gas. In an ordinary shock tube, this physical property could be either pressure by
a fast pressure sensor, temperature by using a very small thermocouple, velocity by
PIV method [Chen and Emrich, 1963] or density by holographic interferometry [Sun
et al., 2002]. However in a microscale channel there is no practically measurable
temperature difference in the gas. Also there are many difficulties with measuring
the density using interferometry at this scale. The pressure sensing seems to be a
practical method for this application. In a microscale shock tube, the size of sensors
cannot exceed the size of channel and the sensors should be in direct contact with
the flow. There are a few well known MEMS approaches for pressure sensing. In the
piezoresistive approach [Li et al., 2000], the deflection of a membrane under pressure
is detected by piezoresistive elements fabricated on the membrane. Mechanically,
the deflection of a membrane is almost proportional to the smallest dimension of
membrane. Therefore this approach cannot be scaled down too much because the
very small deflection of membrane cannot be detected by the piezoresistive elements
(for example 44 nm, for a 500 nm thick 10/xm square silicon nitride membrane under 100 kPa pressure difference). This deflection may be detected by measuring the
change in capacitance formed between the membrane and another surface as the second electrode of capacitance [Goustouridis et a l , 1999] or the change in tunnelling
current resulting from membrane deflection [Kenny et al., 1991; Liu et a l , 1998].
These two methods were not retained because their fabrication is very complicated
and also it is not easy to integrate them with a microchannel. Instead, direct sensing
piezoelectric sensors seem to be more favorable for the present application as they
are easier to fabricate and require minimal deflection for a measurable signal which
is in the order of 0.1 A for expected sensors. Regarding the ordinary shock speeds
and the shock thicknesses, the rise time for the shock wave is about 100 ps that
demands for a very fast sensor to be used. The advantage of piezoelectric pressures
sensor is the high natural frequency of sensing element which is for example more
than 1 GHz for a 200 nm thick layer of PZT compared to the natural frequency
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of above mentioned membrane which is around 10 MHz. Another advantage of the
piezoelectric approach for this purpose is that the charge generated by the piezoelectric element is proportional to the area of the element and not to its smallest
dimension. This means that it is possible to increase the produced electric charge
only by increasing one dimension of the element in the direction perpendicular to
the shock propagation, which is not possible for the case of membrane deflection.

The piezoelectric sensors that are planned to be fabricated for microscale shock
tube are very thin films of PZT and have a large area compared to their thickness,
which means that the one-dimensional relations can be used to explain their performance. For a one-dimensional piezoelectric material with electric field and stress in
the same direction and in the absence of external electric field
D = do-

(4.16)

where D is the electrical field and a is the normal stress. The piezoelectric constant
d (charge density/applied stress) is expressed in Coulombs divided by Newtons.
Since it is not expected to obtain a detectable signal from a 10/xm square piezoelectric sensor in an atmospheric shock tube's range of pressures (100 kPa - 10 MPa),
the sensors and channel are extended a few hundred times in the direction perpendicular to the shock wave propagation as shown in Fig. 4.9, top view. This allowed
us to increase the surface of the sensors while keeping the hydraulic diameter around
the desired value of a few microns.
The basic structure of sensors includes a layer of PZT as piezoelectric material
sandwiched between two platinum layers as top and bottom electrodes, all of them
deposited on a silicon substrate as shown in Fig. 4.10. To integrate the sensors
with a microchannel a layer of SU-8 will define the channel on the top of this layers
and then another substrate covers the channel. In order to establish a reliable
bonding between two substrates, there should not be any topography on the surface
of the substrates. Therefore, the two electrode layers and PZT layer are uniformly
deposited over the entire substrate and only tiny cuts in the electrode layers define
the geometry of the sensors and the electrical connections, as shown in Fig. 4.10. The
top electrodes and bottom electrodes pattern are the same except on the region of
sensors that they overlap. This way the whole surface of substrate has the structure
81

4.2 Design of the microscale shock tube

FIGURE

4.10 — The basic structure of the chip

of sensors but only on the region of sensors the top and bottom electrodes may have
different potential. The rest of structure is electrically shorted from the outside of
the chip and therefore do not produce electric charge upon applying pressure. The
PZT layer is a thin film which can be derived by sol-gel procedure. The use of
bulk piezoelectric substrates does not seem to be a good idea since the sensors are
smaller than the thicknesses of these substrates (> 50 /an). The bulk piezoelectric
substrates are not easy to manipulate for small applications. In addition, since these
substrates are the large bodies of piezoelectric material compare to the sizes of the
sensors, they may produce strong noises and crosstalks in the chip. Based on the
electrical properties of PZT, it is estimated that for a PZT layer with thickness in
the order of 200 nm and a sensor area in the order of 10000 /im2 there is no difficulty
to produce signals in the order of a few millivolts at normal pressures in shock tubes.
Another parameter in the design of the chip is the chip area. In fact, larger
area means larger bonding surface that reduces the risk of bonding break under
large forces of shock wave, but it also increases the value of parasitic resistances,
capacitances and inductances. The chip size is chosen to be 10 x 5 mm2 to have
enough surface for bonding. Figure 4.11 shows the top view of general layout of the
chip number IX.
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4.11 - Mask layout of the chip number IX

4.2.2 Electronic simulation of chip
The connection paths and electrodes along with PZT and Si02 films exhibit a complex electric response to the signals generated by the piezoelectric films. In order
to predict the electrical behavior of the chip, an electrical simulation was done. To
do so, the chip is modelled as simple discrete electrical elements as shown in Fig.
4.12. The piezoelectric sensors have very high DC output impedance and can be
modelled as voltage sources along with equivalent filter circuits. The voltage is proportional to the strain and the output signal is then related to the strain as if it had
passed through the equivalent circuit. A detailed model may include the effects of
the sensor's mechanical construction and other non-idealities. However, a simplified
equivalent circuit model can be used in which includes the capacitance of the sensor
surface itself, determined by the standard formula for capacitance of parallel plates,
in series with voltage source. A pulse voltage sources representing the piezoelectric
sensors signals are generated in the certain delayed times for the six sensors. The rise
time of the pulses are 3 ns which is the time needed for an ordinary shock wave to
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pass over the width of sensor and the pulse amplitudes are lmV which is calculated
from the electrical properties of PZT and the pressure jumps across an ordinary
shock wave. The value of electrical elements are rough estimations for the worst
conditions calculated from the physical properties of materials presented in the chip
and the geometry of chip. The PZT film is modelled as a voltage source in series
with a capacitance which is the capacitance of the piezoelectric sandwich. R4 is the
resistance considered for the leakage through the PZT film. C4 is the capacitance
that comes from PZT and SiC>2 dielectric between adjacent paths. I_i and Ri are the
inductance and resistance of connections on the chip. R5 is input impedance of the
oscilloscope. Figure 4.13 shows the simulated signals captured for the first, fourth
and sixth sensors. The simulation does not include the noise effects. An important
effect seen in Fig. 4.13 is the steplike decrease in the voltage of each sensor. This
is actually the influence of other sensors induced through the resistance and inductance of the ground connection on the chip (R u and L8 in Fig. 4.12). The electric
simulation of the chip shows that the suggested structure and geometry of the chip
should work with no major difficulty. In fact, care must be taken when analyzing
the results of the test with microscale shock tube to not confuse the attenuation of
shock wave in the channel with the the steplike decrease in signal seen in electrical
simulation.

4.3

Microfabrication

The objective of microfabrication is to deposit an pattern different layers of certain
materials followed by bonding of another substrate as explained in Fig. 4.10. Indeed,
there is no major difficulty with microfabrication of this structure, itself. However,
since the channel needs to be opened at one end on the side of the chip, the microfabrication becomes a challenging process. The edge effects presented in spin
based deposition processes makes it impossible to fabricate sensors near the edge of
a substrate and the simple dicing of substrates to open the channel leads to complete
contamination and blockage of channel. Therefore, the creation of the open end of
channel becomes a challenging procedure. A novelle fabrication technique proposed
for such a special geometry is outlined in Fig. 4.14. For ease of visibility only one
chip (instead of 24 chip on real substrate) with only one sensor (instead of 6 sensors
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FIGURE 4.12 - Electronic model of chip
for each microcharmel on real substrate) is shown in Fig. 4.14.
I The device substrate for the fabrication of sensors is a 3-inch < 100 > SSP silicon
wafer. A 4 fim wide and 80 /im deep trench is etched on the substrate to
function as a trajectory for cleaving of the substrate to open the entrance of

the channel.
II Four circular holes with diameter of 1 mm are etched through the wafer. They
will be used for alignment purpose using circular pins. In addition , the dicing
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4 . 1 3 — The simulated oscilloscope trace of 10/um wide sensors
locating 300/^m apart in a six sensor arrangement shown
in Fig. 4.12.

marks are transferred to the back of the substrate in this step. These dicing
marks will be used to align the dicer when the two substrates are bonded and
the front of substrates are not visible.
III A 1.35 /an thick layer of thermal silicon oxide is grown on the substrate to make
the device's electrical barrier.
IV The 175 nm thick Platinum layer is deposited and patterned on the entire surface
of substrate to function as the sensor's bottom electrodes. The connection
path and the wire bonding pad is separated from the rest of area (ground
connection) with tiny cuts.
V The 200 nm thick sol-gel derived PZT layer is deposited, annealed and then wet
etched on the wire bonding pads to allow electrical connection to the bottom
platinum layer.
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VI Another 175 nm thick layer of platinum is deposited and patterned to function
as the top electrodes for the sensors. The top platinum layer of connection
path overlaps with bottom layer of ground connection in the sensor area.
V I I A 17 /im thick layer of SU-8 is deposited and patterned to create the channel.
This layer also functions as the bonding layer. The SU-8 layer is removed in
the wire bonding area.
V I I I To cover the channel, another silicon substrate of the same type is used. The

trenches with same dimension device substrate are etched on the covering substrate. The covering substrate should be additionally cleaved over the bonding
pads. The circular holes and dicing marks are etched through the covering substrate. A layer of Si02 is thermally grown on the covering substrate. A layer of
SU-8 deposited without patterning as the bonding layer. The two substrates
are aligned and bonded together.
IX The substrates are then diced into chips. The cuts over the trenches are shallow
to prevent the contamination of the entrance of the channels.
X The chips are then cleaved to remove the excessive parts and to open the entrance
of the channel.
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FIGURE

4.3.1

4.15 — The cleaved silicon substrate along the etched deep trench

Trenches etching

The fabrication procedure starts with etching the narrow deep trenches in the substrate. In fact, to open the entrance of channel, the substrate should be cleaved
along a predefined trajectory. This trench should not be very wide to cause trouble for the next deposition steps and it should be deep enough to ensure that the
substrate will break only along the trench. In order to get good results of cleaving
it is very important to precisely align the trenches along the crystallin structure of
silicon substrate (the substrate flat). Figure 4.15 shows the result of cleaving test
of a 380 /im thick substrate along a 70 //m deep trench. The trenches are etched in
an advanced silicon etcher (ASE) from STS. To reduce the amount of undercut that
may increase the width of channel it is suggested that the process starts with passivation. However about 2 /im (5.5 /j,m - 3.5 //m) undercut is observed after etching.
The etch rate for the used etching recipe (Deep-3) is about 3.5 /im/min for the 5.5
Urn wide trench. The detailed recipe for the etching of trenches is in Appendix A.2

89

4.3 Microfabrication

4.3.2

Etch through the wafer

In this step, the substrate is etched to the back to make four precise 1 mm diameter
circular holes in the substrate. These cylindrical holes are used to align the two
substrates for bonding. In fact, because of undercut, the diameter of the holes after
etching are a few microns more than 1 mm. The other features etched through the
wafer are a few dicing marks to transfer the dicing trajectory from the frontside
to the backside of the substrate. To protect the back of the substrate, a layer of
photoresist is spun and baked on the back of the substrate and also the edges of
wafer were protected with Kapton tapes. The detailed recipe for etching through
the wafer appeares in Appendix A.3
PECVD oxide deposition

To make an electrical barrier under the bottom electrodes there is need for a layer
of SiC>2. Also it was planed to bury and close the trenches that were already etched
on the substrate. This is to prevent the materials that are spun on the substrate in
the next steps to get sucked down into the trenches and make bubbles on the surface
of the substrate during the subsequent thermal processing. Therefore, to close the
trenches, deposition of a thick layer of PECVD Si02 was planed [Chang et al., 2004].
A few tests were been done to find out the oxide layer thickness needed to ensure a
complete coverage of the trenches. Figure 4.16 shows the result for layers with 4 and
8 jum thickness. In fact, one of the major problems with PECVD oxide deposition
is the H2 content in the deposited film. The H2 can be sublimated by annealing and
densifying the oxide film at high temperatures [Zhang et al., 2003]. Therefore, the
oxide film has been annealed at 700°C in a nitrogen ambient for 3 hours. This is
the highest temperature that the film may reach during the next PZT processing.
The detailed recipe of deposition and annealing of PECVD SiC"2 is in Appendix A.4.
Other disadvantage of thick silicon oxide is the roughness of the film. The average
roughness of 8 /j,m thick layer of PECVD oxide measured by profilometry is about
13 nm. Although the oxide film is densified in high temperature, it was failed to
process the Pt-PZT-Pt sandwich on the thick PECVD oxide. The H2 content in the
oxide along with stresses that appear after annealing and densifying the oxide film
cause several blistering of the Pt-PZT-Pt layers. The films peeled of in some areas
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4 urn PECVD Si0 2 deposition
FIGURE

8 /an PECVD Si0 2 deposition

4.16 - Deposition of PECVD oxide to cover the trenches

of the substrate because of the sever stresses and surface roughness of the oxide film.
The deposition of other materials,for example, LPCVD SisN4 [Gardenierst et al,
1995] is not feasible because of the thick layer needed. In addition, the huge stresses
that appear in thick layers of SiaN4 lead to several cracks.
Thermal oxidation
After failure to develop the Pt-PZT-Pt sandwich on the thick layer of PECVD oxide,
it has been decided to sacrifice the first sensor that is close to the trench and continue
with thermally grown Si02- This way, the trenches are not closed and the spun PZT
sol-gel fails to produce a uniform PZT film around the open trenches, but the PZT
film can be processed with less difficulties on the rest of substrate. The thermally
grown Si02 is uniform, smooth and a reliable platform for PZT sol-gel development.
In fact, the literature reports the development of sol-gel derived PZT film on the
thermally grown oxide [Lee and Esashi, 2004; Maki et al., 2001; Yang et al., 2006].
The only disadvantage with thermal oxidation is that it cannot cover the trenches
and therefore the first sensor that is close to the trench cannot be fabricated. The
thickness of thermal oxide is chosen to be around 1.35 /xm to decrease the parasite
capacitances that may form by oxide layer. The detailed recipe for the wet thermal
oxidation of silicon substrate is in Appendix A.4.
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FIGURE

4.17 — Cross section of platinum film on Si02 before annealing.

4.3.3 Bottom electrode deposition
The bottom electrodes of the sensors are realized by deposition of 200 nm of platinum and 20 nm of titanium as an adhesion layer. The reason for using platinum
is because, it is a good barrier for the diffusion of lead into the silicon in high temperatures. Usually to promote the adhesion of platinum, a sublayer of titanium is
deposited as an adhesion promoter layer. The bottom electrodes are patterned by
image reversal photolithography and lift off method. The platinum layer is deposited
in an electron beam evaporator and annealed at 570°C in a nitrogen ambient. The
cross section of the platinum film on S1O2 is shown in Fig. 4.17. The detailed recipe
is explained in Appendix A.6. A good PZT film can only be developed on a well
crystalized and reliable platinum film. Most of problems with PZT sol-gel processing on the platinum come from the diffusion and oxidation of titanium and residual
stresses in the platinum film. The detail of these problems can be found in Wang
et al. [2005] and Zhang et al. [2004].
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4.3.4 Sol-gel derived PZT deposition
The processing of lead-zirconate-titanate (PZT) is the critical step in the fabrication of the piezoelectric sensors. The sol gel deposition is a reliable method to make
very thin layers of dielectric ceramics. It includes a number of cyclic deposition,
pyrolyzing and annealing steps to obtain the desired film thickness. It was estimated that a PZT film of the thickness around 200 nm should be enough for this
application. Each cycle of PZT deposition add an amount between 60 to 70 nm
to the total thickness of PZT layer. The final device has a PZT film thickness of
200 nm (3 cycles), though the test including 6 cycles gave satisfactory results (Fig.
4.21). The precursor solution is lead acetate, zirconium tetra-butoxide and titanium
tetra-iso-propoxide in 1-Butanol and propylene glycol. After deposition, pyrolyzing
and annealing the common chemical composition of PbZro.52Tio.4sO3 forms in a perovskite crystal structure. The crystal with this composition features an extremely
large dielectric constant(800-1100), a high piezoelectric response (d33 « —200 pC/N
[Zakar et al., 2001]) and good poling efficiency. The preparation of PZT thin films
by sol-gel method is well studied and characterized by many peoples [Zakar et al.,
2000; Sun et al., 2004; Reaney et al., 1998; Maki et a l , 2001; Pandeya et a l , 2004].
Processing of the PZT layer is a sensitive procedure that may fail for many reasons.
The Platinum layer on the substrate should be very pure and annealed to produce
a uniform crystallin structure. In fact many efforts to anneal the sol-gel derived
PZT failed because of carbon contamination that came from the graphite crucible
used for deposition of platinum. Sputtering is the preferred method for the deposition of platinum. The other important matter in PZT processing is the annealing
temperature and proper timing. The supplier of PZT sol-gel (Mitsubishi Materials
Corporation) suggested the deposition of PT seeding layer before PZT deposition
and rapid thermal annealing (RTA) of the film. However, it was failed to form the
PZT crystal with rapid thermal annealing because the very large thermal stresses
appears in both layers peels off the films from the substrate. Instead, the use of
tube furnace with a long cooling period gave the well-adhered and stress free layers
(Fig. 4.18). The detailed recipe for preparation of sol-gel derived PZT film is found
in Appendix A.7.
The PZT layer on the SiC>2 shows several cracks (Fig. 4.20). The problem with
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Cross section
FIGURE

Top view

4 . 1 8 — The well formed P Z T film on the platinum Layer annealed
in the tube furnace.

these cracks is that the top and bottom platinum layers electrically connect together
via these cracks. The cracks in PZT on the oxide surface is inevitable and because
of this many of sensors failed to be functional.
X-ray crystallography

The prepared PZT layer after annealing is characterized by X-ray diffraction method.
In this method a beam of X-rays is reflected from the surface of the crystal at different
angles. Depending on the three-dimensional picture of density of electrons within
the crystal (which means the position of atoms) a diffraction pattern is produced.
This pattern can be analyzed and be compared with theoretical or reference patterns
to identify the structure of the crystal. Figure 4.19 shows the results of XRD test
for the PZT crystal structure developed on the platinum layer. The pattern shows
expected perovskite PZT crystalline lattice in different orientations.

4.3.5 PZT wet etching
To electrically reach the bottom electrodes for electrical connections , the PZT film
should be etched to clear wire bonding pads. The two options for etching the PZT
films are reactive ion etching of PZT [McLane, 2001] and wet etching [Zheng et al.,
2004]. The use of reactive ion etching have not been retained because it produces
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FIGURE 4.19 - The XRD pattern of the prepared PZT and platinum layers
lead contamination in the plasma etcher. Also, in the reactive ion etching of PZT,
the vertical profile of etched PZT reduce the chance of connection between top and
bottom electrodes during the deposition of top electrode layer. This is not desirable
since we wish that the top and bottom electrodes are electrically shorted in the
areas that PZT is removed. Instead, a wet etching recipe (Appendix A.8) has been
developed to etch the PZT on the wire bonding pads. The drawback of wet etching is
the large undercut that occurs even if a thick layer of photoresist is used (Fig. 4.20).
The etch time should be adjusted to ensure the complete cleaning of PZT residues
on the platinum surface while taking care of the advancing undercut underneath the
photoresist layer. The residues of PZT on platinum pads may results in failure of
bonding of the gold wires on the pads.
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FIGURE

4.20 - The 360 nm thick PZT film wet etching (135 s etch time)

4.3.6 Top electrodes deposition
The top electrodes are realized by deposition of another 175 nm thick layer of platinum and titanium. The top electrodes do not need to be annealed. In the areas
where the PZT is etched away the top electrodes and bottom electrodes connect together. Hopefully, the positive profile of undercut PZT ensures the good connection
between top and bottom electrodes. The cross section of completed sensors is shown
in Fig. 4.21. The detailed recipe for deposition of top electrodes is in Appendix A.9

4.3.7 Alignment and low temperature bonding
The channel is realized by deposition and patterning of a layer of SU-8. SU-8 is
a commonly used negative epoxy based photoresist that has good potential to establish a reliable bonding between the substrates [Pan et al., 2002]. In fact this
type of bonding cannot produce as much bonding strength as anodic bonding, but
the advantage of using SU-8 for the bonding is that it does not need high temperatures or high voltages that may have destructive effects on the performance of
the piezoelectric sensors. A simple mechanical alignment method using standard 1
mm nominal diameter stainless steel pins is established. This way the substrates
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FIGURE 4 . 2 1 — The P Z T film sandwiched between two platinum films

can be aligned with a resolution better than 20 ^m. The bonder consists of two
stainless steel cylinders heated up in the furnace. The mass of cylinders is large
enough to ensure a uniform and steady temperature. The bonding force is applied
by a C-clamp. Of course, this way there is not precise control of the bonding force
but the study with Pan et al. [2002] shows that if the SU-8 layer is sufficiently flat
without any bubble or particle, the increase in bonding pressure more than 35 kPa
does not increase the bond strength. The detail of the bonding procedure is explained in Appendix A.ll. The bonding process is sensitive to the particles and to
the topographies on the surfaces. The tests with flat wafers gave good results with
thin (~ 5/MD.) layer of SU-8. The bonding even has been examined with Pyrex wafer
to allow for observation of bonded surfaces. Unfortunately, in most of the tests with
wafers that have some topography on them, it failed to establish good bonding with
thin layer of SU-8. Therefore, it has been decided to do the bonding with 17 jitm
thick layer of SU-8 instead of 5 yum (10 /xm hydraulic diameter) thick layer. Since
the SU-8 on the on covering substrate is not patterned, the total depth of channel
is 17 /mi. Another drawback of bonding with SU-8 is the limitation of UV exposure
for the opaque substrates. Normally UV exposure after nipping the substrates helps
to obtain a good bonding strength. This is the case when for example the bonding
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4.22 — Cross section of bonding.

of Pyrex is desired. Unfortunately, the exposure after flipping is not possible for
silicon wafers. In this case an increased exposure to UV before flipping provide good
adhesion of SU-8 to the surface of substrate, but on the other hand, the two SU-8
layers become hard to adhere together. The lower exposure time has the reverse
effect and the optimized expose time was obtained by several tests. The detailed
recipe for preparing the SU-8 layer for bonding is in Appendix A.10. Figure 4.22
shows the cross section of bonded virgin silicon substrates with 5 /xm thick layer of
SU-8.

4.3.8 Dicing and cleaving
The bonded substrates need to be diced into chips. The cut on the entrance of
channel is not complete cut since it contaminates and blocks the entrance of the
channel with dicing residues. The tests that have been done with the dicer show
that for a 380 /nm thick wafer, a dice depth of about 150 //m with an etched trench
depth of about 80 /j,m gives a reasonable cleaving result. This is the depth that has
the low risk of breaking the substrate during dicing while having more chance of
cleaving on the desired path. Figure 4.23 shows the entrance of the channel opened
after cleaving the substrates.
98

4.3

Microfabrication

I CMinii i hip tamer

1- pnxy
Dice depth
Clciivi" ilcjiiJi

Clea\ e ilcpih
Dicv iloplli

Fnlrnncc nl chunncl (17 jim)

FIGURE

4 . 2 3 - General view (top) and close up (bottom) of the entrance
of the channel after cleaving

4.3.9 Packaging
The special geometry of the microfabricated shock tube with an open end on the edge
of the chip demands for a special packaging method. The chip will be exposed to the
strong shock waves which causes large dynamic stresses and high temperatures. The
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Hnirnnco of channel

FIGURE

4.24 — Packaging of microfabricated shock tube

support of the chip is a ceramic side brazed 48 pins DIP chip carrier cut from the
middle as shown in Fig. 4.24. An electrically conductive high temperature epoxy
was used to bond the chip to the chip carrier. Gold wires were bonded between the
chip and the chip carrier using Kulicke & Soffa thermosonic gold ball wire bonder
(model 4500). The bonding process includes a combination of heat, pressure, and
ultrasonic energy to make a weld at each end of the wire using spark method in
which an electric spark is generated between a lower end of a wire inserted through
a capillary tool and a torch so as to form a ball. The ball is pressed against a pad
on the chip with a lower surface of the capillary tool, so that the ball is bonded to
the pad [Takayuki, 1999].
4.3.10

Electrical characterization

Before using the sensors in their designated situation, some electrical measurement
was done on them. The polling of piezoelectric materials improves their efficiency.
The PZT thin film can be polled to align the dipoles in their structure and improve
their piezoelectric constant. This can be done by applying a DC bias voltage in a
certain period of time in certain temperature and even under UV illumination. It
should be reminded that, since the PZT layer thickness is very thin, a natural polling
takes place when annealing PZT film on the platinum layer. Kholkin et al. [1998]
investigated the effect of polling on the piezoelectric properties of sol-gel derived
PZT thin films. However, this has not been done for the microfabricated sensors in

100

4.3 Microfabrication

this project and could be considered for the next generation of sensors. This was
because of the possible risk of damage to the SU-8 bonding in higher temperatures
since the application of DC bias voltage is possible only after the packaging of the
chips.
In order to characterize the electrical performance of the deposited PZT film,
a test has been established on a sensor with the film thickness of 360 nm and the
surface of 4000 x 100 /^m2 which measures the capacitance of sensor at different
values of bias voltage applied on the film. The measurement of capacitance was
performed by measuring the complex impedance using a Solartron Schlumberger SI
1260 impedance/gain-phase analyzer at frequency of 1 MHz. The result is shown in
Fig. 4.25. The decrease in capacitance by applying more bias voltage is the result
of ferroelectricity. Since the capacitance of a ferroelectric material is proportional
to the variation of polarization versus applied voltage (C oc <9P/cA/), the more bias
voltage results in polarization saturation of the film and that, in turn, results in
the decrease of capacitance. The hysteresis loop is clearly seen in the diagram.
Normally, we expect a symmetric behavior in C-V characteristic of a ferroelectric
material with respect to zero bias voltage [Maleto et al., 2002; Chen and Tang,
1995] and the nonsymmetric curves in Fig. 4.25 are strange. This means that the
change in polarization of the PZT film is more upon applying the reverse voltage.
In fact this is a bizarre observation and the reason for this asymmetry could be
that the top electrodes have not been annealed. In addition, since the PZT film is
deposited in multi layers and each layer is annealed separately the bottom layers are
annealed more times than the top layers and that introduced residual stresses in the
film which is the reason for the asymmetric performance of PZT film. It is expected
that this behavior has not considerable effect on performance of the sensors since
the sensors are for the measurement of only compression stresses.
The measured relative Permittivity of deposited PZT thin film is:
k = SL = 571

(4.17)

where C is the measured capacitance, r is the PZT film thickness and A is the surface
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4.25 - C-V characteristics of PZT film

of sensor. The measured d33 piezoelectric constant is:
d™ =

V K£0
P r

-123 pC/N

(4.18)

where V is the output voltage of sensor and P is the pressure. As reported by
Zakar et al. [2001], sol-gel deposited PZT has a Young's modulus of approximately
5.6 x 10 10 N/m 2 , the dielectric constant between 800 and 1100 and a 0^33 piezoelectric
coefficient of approximately -200 pC/N.

4.3.11 Calibration
To measure the possible effects of parasite capacitances that may exist on the surface
of the chips, the reference chips (described in section 4.2), are developed on the same
substrate that the main chips are fabricated. These chips where packaged and tested
in the same way that the main chips have been done. Not surprisingly, no measurable
signal was acquired from these chips. This is what theoretically was expected to be
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4.26 — Calibration curves of sensors

observed and this confirms that the output signals from the main chips are only
from the sensors.
In order to calibrate the PZT sensors, a variety of geometrically different sensors
have been tested without the channel. They have been fabricated by the same
procedure except that they are not within a microchannel. The sensors were installed
in an ordinary shock tube and tested at different shock Mach numbers. The results of
testing at different Mach numbers are illustrated in Fig. 4.26. The values of output
voltage of sensors are measured using oscilloscope whit about 5% noise error. The
shock pressure jumps are measured using PCB commercial piezoelectric sensors with
an error less than 5%. The sensors behavior is not very different from the linear
behavior in the range of experiment. Also the output voltage of the sensors are
almost the same for different geometries which implies that even smaller sensors
could be possible. According to equation 4.16, the electric field is proportional to
the applied pressure and not to the area of the sensor. However decreasing the area
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of the sensor could result in the smaller capacitance and the noise effects become
important issue for very small sensors.
Since we have not built many sensors to be characterized and also the process
of fabrication of these prototype sensors is not expected to be as repeatable as a
commercial fabrication, it is not certain that the sensors in the microchannel have,
exactly, the same behavior and there would be differences in the performance of the
sensors. Therefore, we condone the errors and assume a simple linear curve through
the data illustrated in Fig. 4.26. Thus, the following relation can describe the output
voltage versus applied pressure (the sensitivity of sensors).
V = 8.82P - 0.29

(4.19)

where V and P are in mV and MPa respectively. This line is drawn along with
calibration data in Fig. 4.26. Normally, this line should pass through the point
(0,0). The reason for this shifting could be the leakage of electric charge in the chip
and wiring circuits.

4.4 The experiment
The fabrication procedure explained in the previous section resulted in a number
of geometrically different shock tubes mentioned in Table 4.1. Many of these shock
tubes had defective sensors and the tests were performed only with the shock tube
possessing the most functional sensors. This shock tube has a 2000 /^m long, 2000
/mi wide and 17 [im high channel equipped with 5 functional piezoelectric sensors
in the locations shown in Fig. 4.9. The microscale shock tube and its related
electrical circuits is installed in the designated stainless steel box (Fig. 4.27) to be
installed on an ordinary shock tube as shown in Fig. 4.28. Figure 4.29 shows the
photo of experiment setup in laboratory. The sensors were directly connected to two
synchronized oscilloscopes (Lecroy, Wavesurfer 424, 1 Gs/s) to acquire the pressure
histories at different stations. The use of charge amplifier for signal conditioning is
very helpful to acquire a strong signal, with a large signal to noise ratio. However, the
relatively high range of frequencies in the experiment, demanding a very expensive
charge amplifier which was not easily available. Short wiring has been used to
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decrease the low pass filtering due to the inductance of wires. The tests were done
for different incoming shock Mach numbers from 1.65 to 2.61 before the chip had
been destroyed by shock wave. The test gas was air at atmospheric initial rest
conditions and the driver gas was helium. The acoustic Reynolds number for the
atmospheric air in the microscale shock tube is 800. Since the flow in microscale
shock tube is always at higher pressures than atmospheric air, this is expected to be
the smallest value of Reynolds number in the microscale shock tube. The Knudsen
number of atmospheric gas in the microscale shock tube is around 3.8 x 10 - 3 and it is
expected to be the greatest value of Knudsen number in the microscale shock tube.
Based on these values of Reynolds and Knudsen number, the flow in the microscale
shock tube in these experiments lays in the laminar no-slip regime.

4.5
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In this section the simulated and experimental results for the microscale shock tube
shown in Fig. 4.9 will be presented and discussed. The above mentioned results will
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be presented and compared in three types of diagrams: the pressure histories in Fig.
4.30 to 4.32, the x — t diagrams in Fig. 4.33 and the shock jumps and shock speeds
along the channel in Fig. 4.34 to 4.37.
The one-dimensional model described in chapter 2 along with the simple viscous
steady isothermal expansion explained in section 4.1.2 are used to simulate the viscous flow and wave propagation inside the channel. As explained in section 2.1.5, it
is not expected that this model works properly for the reflected shock wave. However, the results of one-dimensional model simulation for the reflected shock wave
from the end of microchannel will be presented though they may not be accurate.

4.5.1 Pressure histories
Figure 4.30, 4.31 and 4.32 illustrate the pressure histories at five stations along the
channel, shown in Fig. 4.9, for the runs at incoming shock Mach numbers shown for
each figure. These figures show the comparison between experimental data acquired
by oscilloscopes and the numerical results generated by the one-dimensional model
of chapter 2 for the same conditions of experiment. In each diagram, the following
principal events can be seen at first glance:
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FIGURE

4.29 - The experiment setup

• For each sensor at certain location the evolution of pressure starts by a pressure
jump that corresponds to the arrival of the incident shock wave followed by
slight decrease in pressure; then another jump is seen that corresponds to the
arrival of the reflected shock wave from the end of tube and this second jump
is followed by a greater decrease in pressure.
• As the incident shock wave propagates in the channel, it is being captured by
each sensor along the channel in turn (Si —> S5). The shock jump decreases
as the shock travels further in the channel.
• When the shock wave reaches the end of channel, it reflects back and this
time the reflected wave is being captured by each sensor in the reverse order
(S5 —> Si). The incidence and reflection periods are clarified, for example, in
Fig. 4.32 for M — 2.61. In all of the tests, the reflected wave is steep and
strong at the end of channel (S5) and while it propagates back towards the
entrance of channel it becomes smeared and weak.
As it was already predicted in section 4.2.2, a small negative voltage (or gage pressure) induced form other sensors through the ground connection of the chip crosstalk
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can be seen in the experimental pressure histories for the incident shock wave. However, this negative voltage is negligible.
The pressure histories in Fig. 4.30 to 4.32 present some interesting aspects regarding the propagation of shock waves in the microchannels. It can be seen in
the experimental pressure histories that the steepness of the incident shock wave
decreases as the shock advances further into the channel. Since the electrical simulation explained in section 4.2.2 did not represent such a smoothing due to the
inductance of wiring, the smooth shocks should not be something related to the
electrical circuit. Meanwhile, it should be noted that the width of each sensor is 50
^m and it takes about 100 ns for the shock wave to pass over a sensor. This means
that even a perfectly steep shock wave will appear as a 100 ns wide ramp in pressure
histories. The pressure histories generated by the one-dimensional model simulation
represent a steep shock profile since the generated pressures histories are for certain
nodes and not for the sensor's finite surface. The decrease in the shock steepness
is even more predominant for the reflected shock wave which reduces the reflected
shock wave to a pressure wave. This was already predicted to be observed in section
4.1.4.
In the pressure histories, there is good agreement between experimental results
and one-dimensional model simulation for incident shock wave while significant discrepancies are seen for the reflected shock waves. The reasons for these discrepancies
could be either the wrong simulation of reflected shock wave that gives very high
pressures or the wrong experimental results caused by deficiency of sensors that
cannot measure the high pressures, or both of them. In fact the microscale shock
tube may produce wrong results at higher pressures for possible reasons such as:
polarization saturation of PZT film, leakage of gas through the voids in SU-8 bonding, bending of substrates, leakage of electric charge and possible lateral flow at the
entrance of channel because of misalignment during substrate bonding. Fortunately,
there is a strong induction that none of these incompetencies are present in the
present microscale shock tube and the validity of the performance of our sensors
at higher pressures is verified because the sensors measure the pressures as high as
3000 kPa in the test, for example, at M = 2.61 but in the test at, for example,
M = 1.65 even lower pressure cannot be seen for the experimental results for the
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reflected shock. This implies that the sensors are capable to capture high pressures
and the disagreement between the results for the reflected shock wave should not
be something related to the performance of the sensors. It is the one-dimensional
model which is not capable to correctly simulate the very complicated physics of the
flow for the reflected shock wave in the microchannel.
An important matter in the propagation of shock waves in the microchannel is the
interaction of the reflected shock wave with the contact surface in the microchannel.
From our knowledge about ideal shock tubes, it is known that the reflected shock
wave from the end of the tube collides with the contact surface. After this collision,
since the fluid behind the contact surface is acoustically harder than the fluid between
the contact surface and the end of tube, the shock wave reflects back from the contact
surface and bounces between the contact surface and the end of tube. Meanwhile,
series of shock waves propagate back from the contact surface to the entrance of the
channel until the pressures and densities across the contact surface become the same.
As already mentioned in section 4.1.4 this becomes a very complicated phenomenon
to analyze in a microchannel where the diffusion effects are dominant. Interestingly,
the experimental results show the prominent features expected to be seen in such
a flow. The reflection from the contact surface is clearly seen in the experimental
pressure histories in Fig. 4.31 for the Mach number of 1.96 and 2.03 and Fig. 4.30 for
the Mach number of 1.79. In the experimentally acquired pressure traces for sensor
S5 located at the far end of the tube, after passage of the reflected shock from the
end of tube another wave can be seen following the first reflected wave. This wave,
possibly, is the reflected wave from the contact surface. The comparatively long time
delay between the reflected wave from the end of microchannel and the reflected wave
from contact surface signifies the long distance between the contact surface and the
end of tube. The reflection from the contact surface can also be seen in the pressure
histories generated by one-dimensional model (for example at M = 1.96, 2.03 and
2.46). From these pressure histories the distance between the contact surface and
the end of tube is shorter than that of the experimental results. However, since

there is uncertainty about the validity of the results of one-dimensional model for
the reflected shock wave we do not care about this difference.
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Another important observation in the pressure histories is the interaction of
reflected shock wave with unsteady expansion behind the incident shock wave. What
can be seen in all of the experimental pressure histories in Fig. 4.30 to 4.32 is
the superposition of the reflected shock jump and the pressure distribution in the
unsteady expansion along the channel. The reflected shock jump decreases from the
end of channel to the entrance and the pressure in the unsteady expansion decreases
from entrance to the end of channel. The superposition of these two pressures has
a minimum in the middle of channel which is seen in the experimental pressure
histories.

110

4.5

Results and discussion

3000
51 Experiment
52 Experiment
53 Experiment
54 Experiment
55 Experiment
51 Simulation
52 Simulation
53 Simulation
54 Simulation

5

t (Ms)

10

15

20

3000
51 Experiment
52 Experiment
53 Experiment
54 Experiment
55 Experiment
51 Simulation
52 Simulation
53 Simulation
54 Simulation
55 Simulation

M=1.79
2500
2000
1500

2a.
ft, 1000

500

-500

FIGURE

4.30 — Comparison of experimental pressure histories at five stations with those of the viscous simulation
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4.5.2 The x-t

diagrams

The x — t diagrams shown in Fig. 4.33 represent the comparison of wave propagation in the microchannel between experimental data and the inviscid simulation
(top diagram) and experimental data and one-dimensional model simulation (bottom diagram). The decreases of incident and reflected shock velocities are seen for
both experimental results and viscous simulations. As it was expected, the experimentally observed and numerically simulated incident wave speeds are less than
that of the ideal flow. What is interesting in these diagrams is that trace for all of
the experimental reflected waves at different runs become parallel upon arrival at
the entrance of the channel. It turns out that, regardless of incoming shock Mach
number, the speed of the reflected wave with respect to the laboratory reference
frame are the same. Although the one-dimensional model does not work properly
for the reflected shock wave, the decrease of reflected wave speed still can be seen
in the result generated by the one-dimensional model.

4.5.3 The incident shock wave
The incident shock pressure jumps and speeds along the channel are shown in Fig.
4.34 and 4.35 respectively. For the incident shock jump, shown in Fig. 4.34, as
the shock propagates further in the channel the pressure jump decreases as expected. Very good agreement is seen between the experimental results and the
one-dimensional simulation. Both experimental and simulated pressure jumps are
less than half of the values corresponding the ideal conditions.
The comparison between experimental, one-dimensional simulation, and the ideal
incident shock velocities are shown in Fig. 4.35. The experimental wave velocities
are calculated by dividing the distances between the sensors shown in Fig. 4.9 to
the time delays between arrival of the shock wave to each sensor. Good agreement is
seen for the speed of incident shock wave between experimental results and the onedimensional model. In both cases the shock wave decelerates as it advances further
in the channel. Here also, a considerable difference is seen between the results of
experiment and viscous simulation from the ideal values. In Fig. 4.35, it is seen that
the velocities calculated from one-dimensional model have the same values in some
neighboring points. This is because the time step chosen in numerical calculation
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was not small enough and there were numerical instability in choosing smaller values
for the time step.

4.5.4 The reflected shock wave
The reflected shock jumps and speeds are shown in Fig. 4.36 and 4.37 respectively.
The inviscid reflected wave jumps shown in Fig. 4.36 and reflected inviscid wave
speeds shown in Fig. 4.37 are the values before any interaction of the reflected
shock wave with contact surface and unsteady expansion behind the incident shock
wave in the channel. The experimentally measured reflected shock jump along the
channel shows the same behavior at different values of incoming shock Mach number
which is a decrease in shock jump as the reflected shock propagates back towards
the entrance of the channel. The same general behavior is seen for the results of
the one-dimensional model but the magnitude of the shock jumps simulated by the
one-dimensional model are not in agreement with the experimental results. We do
not care about this disagreement since it was not expected that the one-dimensional
model gives proper results for reflected shock waves.
The reflected shock speeds shown in Fig. 4.37 are with respect to the laboratory
frame of reference which is the speed of wave with respect to the fluid in front of the
reflected wave minus the particle velocity of fluid in front of the reflected wave. The
experimental results for the reflected wave speed along the channel almost exhibit
the same pattern at different incoming shock Mach numbers which is a rapid decrease
of wave speed in the right side of the channel followed by a slight increase of wave
speed in the left side of the channel. From this diagram, it seems that all of the
experimentally measured velocities of the reflected shock waves at different values of
incoming shock Mach numbers converge to a value around 230 m/s upon travelling
towards the entrance of channel. Not surprisingly, the reflected wave velocities
simulated by one-dimensional model have wrong magnitudes but they almost show
the same general behavior as the experimental data. The reason for this general
behavior is the pressure fall in shock tube. The pressure fall in the flow along the
shock tube which comes from both unsteady expansion and the viscosity effects
results in decreasing density along the channel from left to right (since the gas is
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compressible) and consequently increasing the particle velocity (u2). Since
uw — us — u-2

(4.20)

where us and llyj £1X6 the velocity jump across the reflected shock and the reflected
shock velocity in laboratory reference, respectively, the decrease in particle velocity in front of the reflected shock results in increase of reflected shock velocity in
laboratory reference frame.
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4.5.5 The entrance effects
The presented microscale shock tube does not have a common driver tube and
membrane with the diameter in the order of the driven tube diameter. Instead, the
stagnated gas behind the reflected shock in the ordinary scale shock tube plays the
role of driver tube. This brings the steady expansion at the entrance as an important
region of flow into the analysis of the microscale shock tube. In order to acquire a
general idea about the importance of diffusion effects in the steady expansion at the
entrance of channel, Table 4.2 compares the incident shock Mach number and jump
for two incoming shock Mach numbers. The values in this Table are obtained from
four different approaches. Since the values of shock Mach number and jump vary
as the shock advances further in the channel, the values in Table 4.2 corresponding
to the complete viscous simulation and the experimental results are averaged along
the microchannel. Prom this Table, what can be said for the incident shock wave is
that: at lower incoming shock Mach numbers the losses are important both at the
entrance and inside the microchannel, while at higher incoming shock Mach numbers
the major part of losses is at the entrance of channel and a small portion is related
to the propagation of shock in the microchannel. Thus, the viscous choking of flow
at the entrance of the channel is an important matter that becomes more dominant
at higher Mach numbers. The choking at the entrance is mainly due to the vena
contracta formed at the entrance. This can result in choking even for inviscid flows.
However the viscous and thermal diffusions have great influence on the flow which
means that even for a well contoured entrance (without vena contracta) the choking
may happen due to the viscosity and thermal diffusion.
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TABLE

4.2 — The comparison of incident shock jump and Mach number
extracted from different approaches. [P] and Ms are the
shock jump (in kPa) and shock Mach number respectively.
M = 1.65
M = 2.61
[P]

Ms

[P]

Ms

Totaly inviscid simulation

441.5

1.99

1149.3

3.18

Viscous effects only at entrance

356.6

1.79

545.3

2.38

Totaly viscous simulation

159.6

1.51

485.2

2.24

Experimental results

148.2

1.52

490.3

2.58
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CONCLUSION
This dissertation has presented a broad range of work, all of them aimed at investigating the flow in a microscale shock tube. The general conclusions relating to each
part of the thesis are summarized here.

5.1

Looking back

In the first part of the project a one-dimensional model for three-dimensional flow
of compressible fluid in the microchannels was developed by integrating the threedimensional diffusion effects in the lateral directions and introducing them as sources
of mass, momentum and energy in the one-dimensional Euler equations. This model
has enough flexibility to be implemented for the simulation of different conditions
provided that the terms are carefully controlled. The momentum and thermal
boundary layer effects appear to be the most important factors for the deviation
of flow in the low Reynolds number shock tube from ordinary shock tubes. This
model has been implemented for the simulation of some shock tube problems that
have already been studied experimentally. Good agreement is achieved for numerous
low Reynolds number shock tube flows. The main goal of the model is to predict the
performance of a microscale shock tube, where the most interesting results obtained
are for low pressure ratio conditions which reveal that the shock front reduces to a
pressure wave after only a short travel distance.
The fabrication of the microscale shock tube started with focussing on the driven
tube and instrumentation. In the second part of project an experimental study on
the flow of gas in the microchannels was accomplished. The conducted experiment
aimed at measuring the diffusion effects such as momentum and heat transfer in
steady flow in microchannels geometrically similar to the driven tube of the mi-
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croscale shock tube. A very accurate flow measurement technique was developed to
measure the very small flow rate in the microchannels. The experiment setup was
carefully designed to ensure an isothermal environment during the experiment. A
variety of microchannels were microfabricated by etching the channels patterns in a
silicon substrate and then covering the channels with the Pyrex wafer using anodic
bonding. The flow rate through these channels measured at different inlet and outlet
pressures. The results of this experiment uphold the most important influence of the
scaling parameter on the behavior of flow in the microchannels where the flow Mach
number could be increased effectively by increasing the value of scaling parameter
while increasing the pressure ratio did not lead to considerable increase in Mach
number. It has also been observed that the flow in the microchannels (and therefore
in microscale shock tubes) is laminar with the Reynolds numbers from 7-400. A
transition from no-slip to slip flow also has been observed in the Knudsen number
around 0.007.
In the third part of the project, piezoelectric pressure sensors were developed
and integrated with the microchannel. The piezoelectric sensors were realized by
deposition and patterning of Pt-PZT-Pt sandwich on an oxidized silicon substrate.
The technical challenge of creating the channel entrance on the side edge of the chip
was surmounted by etching deep narrow trenches to be used as trajectories for the
cleaving of the substrate. The channels were realized by deposition and patterning of
the SU-8 film on the Pt-PZT-Pt sandwich and covered with another silicon substrate
using low temperature bonding. The substrates then diced and cleaved and the
chips were packaged. The microfabricated shock tube was installed in the ordinary
shock tube. The inviscid and viscous simulation of this shock tube are performed in
order to obtain a comprehensive picture of what is happening in the experiment. It
has been clarified that the flow behavior in microscale shock tube geometry which
uses the stagnated gas behind a reflected shock instead of driver and membrane
could be strongly influenced by steady expansion at the entrance of channel. The
microfabricated sensors with bandwidth in range of 1GHz, sensitivity in the range
10 kPa and the spatial resolution of 10 ^m showed a reasonable performance for
capturing the speed and pressure jump of both incident and reflected shock waves in
the microchannel. The experiment results represented a remarkable attenuation for
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both incident and reflected shock wave. This was correctly simulated by numerical
1-dimensional model and the results of numerical simulation is in good agreement
with the experimental data. This study unveiled the remarkable influence of steady
expansion at entrance of channel on the performance of shock tube at higher Mach
numbers.

5.2

Contribution

Simply, this is the smallest shock tube ever made and it presents a satisfactory
functionality. Very interesting results were generated from the test with this shock
tube that opens a new scope in the field of microfluidics.
The one-dimensional model developed in this project is a simple tool to simulate
the viscous shock tube without the need for large amounts of three-dimensional CFD
calculations.
The technique developed for the measurement of small gas flow rates as well as
the technique developed to create an open end of the microchannel in the side wall
of the chip are novel techniques.

5.3

Looking forward

Here, a collection of suggestions for future work following this project will be presented.
The one-dimensional model presented in this thesis introduced reliable ability
to predict the laminar flow in the microscale shock tube. However, the more accurate results on the simulation of the different aspect of the shock propagation at
microscales (specially the reflected shock waves in the channel) can be obtained by
real three-dimensional simulation of this flow.
The experiment on the gas flow in microchannels could be improved by better
design of microchannels to remove the effect of inlet and outlet plenums. A better
design in experiment setup should allow to do the test without plenums to eliminate
the errors related to them.
Since it has been found that the size of piezoelectric sensors could be smaller,
it is wise to benefit from this and reduce the size of sensors in order to obtain a
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finer resolution in the observation of the structure of the captured shock wave. Also
the number of sensors could be increased. One may cover the entire surface of the
channel with sensors and choose the ones that are in the desired locations. To
improve the performance of the sensors it is possible to integrate the sensors with
CMOS amplifiers in a hybrid chip.
Provided that there is no limitation in the data acquisition system, the sensors
by themselves are good tools for observation of shock structures. The very high
natural frequency of the thin layers of Pt-PZT-Pt introduces a very fast tool for this
purpose. These sensors also can be used in a small package for the measurement of
shock velocity in certain applications. For example, it is possible to make a small
probe and put it in a shock tube or any other places to measure the velocity of a
shock wave only by one device. Also it is possible to increase the sensor's working
pressure by depositing a thicker layer of PZT. This way the saturation of pressure
sensors does not limit the the observation of higher pressure jumps.
To better study the diffusion effects in the microscale shock tube, the hydraulic
diameter of the channel still should be decreased. It was a serious challenge to
deposit a thin layer of SU-8 on the sensors and establish a reliable bonding. In
the next generations of microscale shock tubes, the channel could be etched on
the covering substrate. This way it is possible to have shallow channels. From
our experiences, this could be possible to as small as 1 /xm shock tube with same
fabrication procedure mentioned in this project. The sensors substrate and channel
substrate will be clamped together. They can easily be aligned by pushing the
designated surfaces on the side of the substrates to the reference surfaces on the
experiment setup. This way it is also possible to calibrate the original sensors before
clamping them to the channel substrate.
The next generation of microscale shock tubes may be equipped with a driver
tube and a membrane or fast valve. Since there are many technical problems with
bursting of a micron size membrane at ordinary shock tube pressure ratios, the
idea of putting a thin membrane between driver and driven tube does not appear
feasible. Instead, the driver tube could be high pressure chamber surrounding the
driven tube and a fast mechanism can be implemented to suddenly open the entrance
of the channel. This mechanism could be a MEMS plug actuated by a electrostatic
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or piezoelectric force or the quick opening valve mechanism introduced by Garen
et al. [2005], or simply a stretched ordinary latex membrane. More detail about
fabrication and experiment setup for the future microscale shock tube can be found
in Appendix B.

129

BIBLIOGRAPHY

E. B. Arkilic, K. S. Breuer, and M. A. Schmidt. Mass flow and tangentional
momentum accommodation in silicon micromachined channels. Journal of Fluid
Mechanics, 437:29-43, 2001.
E. B. Arkilic, M. A. Schmidt, and K. S. Breuer. Gaseous flow slip flow in long
microchannels. Journal of Micro Electro Mechanical systems, 6(2):167-178, 1997.
C. J. Atkin and L. C. Squire. A study of the interaction of a normal shock wave
with a turbulent boundary layer at mach numbers between 1.3 and 1.55. European
journal of Mechanics, B/Fluids, 11(1):93-118, 1992.
A. A. Ayon, R. Braff, C. C. Lin, H. H. Sawin, and M. A. Schmidt. Characterization
of a time multiplexed inductively coupled plasma etcher. Journal of Electrochemical
society, 146:339-349, 1999.
B. J. Bellhouse, N. J. Quinlan, and R. W. Ainsworth. Needle-less delivery of drugs,
in dry powder form, using shock waves and supersonic gas flo. In Proceedings of
21st International Symposium on Shock Waves, pages 51-56, July 1997.
J. P. Boris and D. L. Book. Solution of continuity equation by the method of
flux-corrected transport. Method computational physics, 16:85-129, 1976.
M. Brouillette. Shock waves at microscales. Shock waves, 13:3-12, 2003.
A. J. Chabai and R. J. Emrich. Bulletin of the American Physical Society, Ser. II
3:291, 1958.
C. Chang, T. Abe, and M. Esashi. Trench filling characteristics of low stress
teos/ozone oxide deposited by pecvd and sacvd. Microsystem Technologies, 10:
97-102, 2004.
131

Bibliography

C. J. Chen and R. J. Emrich. Ivestigation of the shock-tube boundary layer by a
tracer method. The physics of fluids, 6(l):l-9, 1963.
Z. Chen and T. Tang. A ferroelectric thin film capacitor c-v model. In 4th International Solid-State and Integrated Circuit Technology, 1995.
R. E. Duff. Shock-tube performance at low initial pressure. The physics of fluids,
2(2):207-216, 1959.
R. J. Emrich and D. B. Wheeler. Wall effects in shock tube flow. The physiscs of
fluids, 1:14-23, 1958.
R. P. Feynman. There's plenty of room at the bottom. Journal of MicroElectroMechanical Systems, l(l):60-66, 1992.
M. GadelHak. Flow physics in mems. Mechanics and Industries, 2(44):313-341,
2001.
J. G. E. Gardenierst, A. Smitht, and C. Cobianut. Characterization of sol-gel pzt
films on pt-coated substrates. Journal of Micromechanics and microengineering, 5:
153-155, 1995.
W. Garen, T. Buss, S. Foschepoth, M. Becker, S. Koch, and E. Novoselova. A novel
mini-shock tube for generating shock waves at micro scales in turbulent and laminar
gas flows. In K. Reddy, editor, Proceedings of 25th International Symposium on
Shock Waves, page 750. Springer-Verlag, July 17-22 2005.
D. Goustouridis, D. Tsoukalas, P. Normand, A. Kontos, Y. Raptis, and E. Anastassakis. Parameters influencing the flatness and stability of capacitive pressure
sensors fabricated with wafer bonding. Sensors and Actuators, A Physical, 76:
403-408, 1999.
N. G. Hajiconstantinou and O. Simek. Constant-wall-temperature nusselt number
in micro and nano-channels. ASME Journal of Heat transfer, 124:356-364, 2002.

132

Bibliography

N. G. Hajiconstantinou and 0. Simek. Sound propagation at small scales under
continuum and non-continuum transport. Journaol of Fluid Mechanics, 488:399408, 2003.
F. Iancu and N. Muller. Efficiency of shock wave compression in a microchannel.
Microfluid Nanofluid, 2:50-63, 2006.
F. P. Incropera and D. P. Witt. Fundamentals of Heat and Mass Transfer. Wiley,
2002.
V. Jain and C. X. Lin. Numerical modeling of three-dimensional compressible
gas flow in microchannels. Journal of micromechanics and microengineering, 16:
292-302, 2006.
S. Jensen, A. D.Yalcinkaya, S. Jacobsen, T. Rasmussen, F. E. Rasmussen, and
O. Hansen. Deep reactive ion etching for high aspect ratio microelectromechanical
components. Physica Scripta, T l 14:188-192, 2004.
J. E. John and T. G. Keith. Gas Dynamics. Pearson Prentice Hall, 3rd edition,
2006.
M. A. F. Kendal. The gas-particle dynamics of a high-speed needle-free drug delivery system. In B. G. et al., editor, Proceedings of 22nd International Symposium
on Shock Waves, pages 605-610, 1999.
T. W. Kenny, W. J. Kaiser, S. B. Walt man, and J. K. Reynolds. Novel infrared
detector based on a tunneling displacement transducer. Applied physics letters, 59
(15):1820-1822, 1991.
A. L. Kholkin, D. V. .Taylor, and N. Setter. Poling effect on the piezoelectric
properties of lead zirconate titanate thin films. Proceedings of the Eleventh IEEE
International Symposium on Applications of Ferroelectrics, ISAF 98., pages 69-72,
1998.
K. M. Knowels and A. T. J. V. Helvoort. Anodic bonding. International Materials
reviews, 51(5):273-311, 2006.

133

Bibliography

H. Lamb. On waves in an elastic plate. In Proc. Roy. Soc, volume A 93, pages
114-128, London, 1917.
S.-H. Lee and M. Esashi. Characteristics on pzt (pb(zrti)o3) films for piezoelectric
angular rate sensor. Sensors and Actuators A: Physical, 114:88-92, 2004.
W. Y. Lee, M. Wong, and Y. Zohar. Microchannels in series connected via a
contraction/expansion section. Journal of Fluid Mechanics, 459:187-206, 2002.
X. Li, W. Y. Lee, M. Wong, and Y. Zohar. Gas flow in constriction microdevices.
Sensors and Actuators, 83:277-283, 2000.
C.-H. Liu, A. M. Barzilai, J. K. Reynolds, A. Partridge, T. W. Kenny, J. D. Grade,
and H. K. Rockstad. Characterization of a high-sensitivity micromachined tunneling accelerometer with micro-g resolution. Journal of Micro Electro Mechanical
Systems, 7(2):235-244, 1998.
K. Maki, N. Soyama, K. Nagamine, S. Mori, and K. Ogi. Low-temperature crystallization of sol-gel derived pb(zr0.4,ti0.6)o3 thin films. Japanese Journal of Applied
Physics, 40:5533-5538, 2001.
M. Maleto, E. pevtsov, A. Sigov, and A. Svotina. Polarization switching and
dielectric properties of pzt structures. Integrated Ferroelectrics, 43:65-70, 2002.
E. Martel and M. Brouillette. Micro-blast waves at subatmospheric pressures.
Computational Fluid Dynamics, 12(l):23-37, 2003.
G. McLane. Reactive ion etching of sol-gel deposited lead zirconate titanate (pzt)
thin films in sf6 plasmas. Integrated Ferroelectrics, 37:67-74, 2001.
H. Mirels. Attenuation in a shock tube due to unsteady-boundary-layer action.
Technical Report TN 1333, National Advisory Committee for Aeronautics, 1957.
H. Mirels. Correlation fomulas for laminar shock tube boundary layer. The physics
of fluids, 9(7):1265-1272, 1966.

134

Bibliography

E. P. Muntz and L. N. Harnett. Molecular velocity distribution function measurements in a normal shock wave. The physics of fluids, 12(10):20-27, 1969.
C. T. Pan, H. Yang, S. C. Shen, M. C. Chou, and H. P. Chou. A low-temperature
wafer bonding technique using patternable materials. Journal of micromechanics
and microengineering, 12:611-615, 2002.
S. K. Pandeya, A. R. Jamesa, C. Prakasha, T. C. Goelb, and K. Zimik. Electrical
properties of pzt thin films grown by sol-gel and pld using a seed layer. Materials
Science & Engineering B, 112:96-100, 2004.
I. M. Reaney, D. V. Taylor, and K. G. Brooks. Ferroelectric pzt thin films by sol-gel
deposition. Journal of Sol-Gel Science and Technology, 13:813-820, 1998.
M. Renksizbulut, H. Niazmand, and G. Tercan. Slip-flow and heat transfer in
rectangular microchannels with constant wall temperature. International Journal
of Thermal Sciences, 45:870-881, 2006.
A. Roshko. On flow duration in low-pressure shock tubes. The physics of fluids, 3
(6):835-842, 1960.
S. Roy, R. Raju, helen F. Chuang, B. A. Cruden, and M. Meyyappan. Modeling
gas flow through microchannels and nanopores. Journal of applied physics, 93(8):
4870-4879, april 2003.
H. Schlichting and K. Gersten. Boundary layer theory. Springer-Verlag, 2000.
G. A. Sod. A survey of several finite difference methods for systems of nonlinear
hyperbolic conservation laws. Journal of computational physics, 27:1-37, 1978.
L. Sun, O. K. Tan, W. Liu, W. Zhu, and X. Chen. Characterization of sol-gel
derived pb(zr0.3ti0.7)o3/pbtio3 multilayer thin films. Ceramics International, 30:
1835-1841, 2004.
M. Sun, T. Ogawa, and K. Takayama. Shock propagation in narrow channels. In
Proceedings of the 23nd international symposium on shock waves, number 2227,
Forth worth, Texas, July 22-27 2002.
135

Bibliography

K. Takayama. Applications of shock wave research to medicine. In B. G. et al.,
editor, Proceedings of 22nd International Symposium on Shock Waves, pages 321326, July 1999.
Y. Takayuki. Wire bonding method. United states Patent, 5966630, October 1999.
URL http: //www. f reepatentsonline. com/5966630. html.
P. A. Thompson. Compressible-fluid dynamics. McGraw Hill, 1972.
R. L. Trimpi and N. B. Cohen. A theory for predicting the flow of real gases in
shock tubes with experimental verification. Technical Report NACA 3375, National
Advisory Committee for Aeronautics, 1955.
K. Wang, K. Yao, and S. J. Chua. Titanium diffusion and residual stress of platinum
thin films on ti/sio2 /si substrate. Journal of applied physics, 98(1):013538-0135385, 2005.
F. M. White. Fluid Mechanics. McGraw-Hill, 2003.
C W. Wong. Strain-Tuning of Periodic Devices: Tunable Gratings and Photonic
Crystals. PhD thesis, Massachusetts Institute of Technology, 2003.
F. Yang, L. Wang, F. Zheng, and W. D. Fei. Crystallization behavior of pzt film
prepared by sol-gel route. Journal of Materials science, 41:5820-5827, 2006.
E. Zakar, M. Dubey, B. Piekarski, J. Conrad, R. Piekarz, and R. Widuta. Process
and fabrication of a lead zirconate titanate thin film pressure sensors. The Journal
of Vacuum Science and Technology, Al9:345-348, 2001.
E. Zakar, R. Polcawich, M. Dubey, J. Pulskamp, B. Piekarski, J. Conrad, and
R. Piekarz. Stress analysis of sio2/ta/pt/pzt/pt stack for mems application. In
Proceeding of the 2000 12th IEEE international symposium on application of ferroelectrics, July 21-Aug. 2 2000.

D. E. Zeitoun and Y. Burtschel. Navier-stokes computations in micro shock tubes.
Shock Waves, 15:241-246, 2006.

136

Bibliography

L. Zhang, M. Ichiki, and R. Maeda. Residual stresses in pt bottom electrodes for
sol-gel derived lead zirconate titanate thin films. Journal of the European Ceramic
Society, 24:1637-1676, 2004.
X. Zhang, K.-S. Chen, and S. M. Spearing. Thermo-mechanical behavior of thick
pecvd oxide films for power mems applications. Sensors and Actuators, A Physical,
103:263-270, 2003.
K. Zheng, J. Lu, and J. Chu. A novel wet etching process of pb(zr,ti)o3 thin films
for applications in microelectromechanical system. Japanese Journal of Applied
Physics, 43(6B):3934-3937, 2004.

137

appendix

A

FINAL MICROFABRICATION RECIPES
The following recipes are developed for fabrication of microchannels and microscale
shock tube. They are optimized to work with the tools and machines available
in cleanroom facilities of CRN2. They may be used for academic purposes with
referencing this thesis.

A.1 MicroChannel etching
Dehydration in box oven at 125°C for 30 min
The spinner is model WS-400A/B-6NPP/LITE/IND from Laurell
Adhesion layer HMDS at 5000 rpm for 30 sec
Coat AZ9245, static
Spin at 8000 rpm for 1 min without ramp. The spin ramp does not give good result
since the photoresist evaporate during the ramp. This gives 3.2 fim. thick layer
of photoresist.
Edge bead removal AZ EBR solution at 100 rpm
Bake on hotplate at 110°C for 2 min
The aligner is Model 200 Tabletop Aligner from OAI - Optical Associates Inc.
Expose 9.5 sec with vacuum assisted mask contact at 20mw/cm 2 .
Development in H2O:AZ400K 3:1 for 8 min with agitation.
Plasma oxygen 75 w for 5 min in Plasmaline 211 from Tegal Corporation.
Preparation for DRIE by Pasting to the 4-inch oxidized wafer and backside protection with Kapton tape.
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A.2

Trenches etching

The etcher machine is Multiplex Advanced Silicon Etch (ASE-SR) ICP system
from STS (Surface Technology Systems).
Etching in STS ASE machine with the recipe Shallow3 for 14:18 min. The etching
should start with passivation to decrease the undercut. The depth of trenches
depend on the width of trenchs. See Table 3.6 for detail.
The Shallow3 recipe is given in Table A.l.
Resist striping with Acetone and IPA in ultrasound bath for 5 min each solvent.
Cleaning in Piranha solution (H2SO4 : H 2 0 2 5:1) for 10 min and BOE for 10 sec
in ultrasound bath.

A.2 Trenches etching
Dehydration in box oven at 125°C for 30 min
The spinner is model WS-400A/B-6NPP/LITE/IND from Laurell
Adhesion layer HMDS at 5000 rpm for 30 sec
Coat AZ9245, static
Spin at 8000 rpm for 1 min without ramp. The spin ramp does not give good result
as the photoresist evaporate during the ramp. This gives 3.2/mi thick layer of
photoresist.
Edge bead removal AZ EBR solution at 100 rpm
Bake on hotplate at 110°C for 2 min
The aligner is Model 200 Tabletop Aligner from OAI - Optical Associates Inc.
Expose 9.5 sec with vacuum assisted mask contact at 20mw/cm2.
Development in H2O:AZ400K 3:1 for 8 min with agitation.
Plasma oxygen 75 w for 5 min in Plasmaline 211 from Tegal Corporation.
Preparation for DRIE by Pasting to the 4-inch oxidized wafer and backside protection with Kapton tape.
The etcher machine is Multiplex Advanced Silicon Etch (ASE-SR) ICP system
from STS (Surface Technology Systems).
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A.2

Trenches etching

TABLE

A . l - The details of recipe Shallow3
Recette ASE

JNom de la recette :

SHLL0W3

Process mode

Description 1 d e s p a t c h
00:20

Pump down time
Gas stabilisation

00:10

Parameter switching

W

Parameter ramping

f"

Q discrete

(mm:ss)

Q continuous

(mm:ss)
Tplaten

30

Switching parameter
Start
Pressure

Etch

Ramping

Always

End

Parameters switcino cycle times
Overrun
oo
I

ON time
Etch
Passivation

o.o

vm

•

Manual APC

Auto A P C

Position
Etch

82.9

Passivation

82.9

Etch
Line

Gaz Name

Passivation

Flows (seem)

Flows (seem)

1

C4Fa

29.8

170.4

2

SF e

130.8

0.0

3

o2

12.8

0.0

4

Ar

0.0

0.0

• On platen only
Coil (13.56 hinz;
Etch
800

Power

Platen

Pressure

Passivate
|
600

J3 | 0-30 W

Power

HBC

n

10.3
p

|

2S.3

Q

Simultaneous

• On
Matching

Auto 0

W

~^l

Manual

•
39.0

Load
Tune

Matching

Auto H

I W

Manual

43.0
•

Load

38.0

Tune

0.0

Active
9500

mTorr

MinFlow |

W-0 I seem

MaxFlow]

4 0

° | seem

Etching with the recipe Deep3 for 30 min. The etching should start with passivation to decrease the undercut. The aimed depth is 80 yum
The Deep3 recipe is given in Table A.2.
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Trenches etching

A.2 - The details of recipe Deep3
Recette ASE

TABLE
Norn de la recette :

DEEP3

v"; S t e p 's

Process mode

Description | deep £ t c h
Pump down time

00:20

(mm:ss)

Gas stabilisation

00:10

(mm:ss)

H discrete
•

Tplaten

Parameter switching

continuous

20

Parameter ramping
Switching parameter
Start
Pressure

Etch

Ramping

Always

End

Parameters switcina cycle times
ON time
|

Overrun
0.0

|

rj°~i
Manual APC

Auto A P C

E

Position

%

Etch

Passivation

Line

Gaz Name

1

C4F8

85.0

2

SF 6

0.0

3

02

4

Ar

Flows (seem)

0.0

• On platen only
Coil (13.56 tvinz)
Etch
|
800
Power

Platen
113.56 MHZ
Power

HBC
Pressure

1
p

•

HPKT-

a
I

mTorr

H Simultaneous

On coil only
Matching

Passivate

18

Acme.
|
9500

Flows (seem)

Auto Q

W

^
w

Manual

•
39.0

|

43.0

|

Load

0.0

|

Tune

0.0

|

MaxFI DW|

40.0 |

Load
Tune

Matching

MinFlow

10.0

Auto H

seem

Manuc I D

Resist striping with Acetone and IPA in ultrasound bath for 5 min each solvent.
Cleaning in Piranha solution (H2SO4 : H2O2 5:1) for 10 min and BOE for 10 sec
in ultrasound bath.
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A.3 Etch through the wafer

A.3 Etch through the wafer
Dehydration in box oven at 125°C for 30 min
The spinner is model WS-400A/B-6NPP/LITE/IND from Laurell
Adhesion layer HMDS at 5000 rpm for 30 sec
First coat AZ9245, static
First Spin at 2100 rpm for 1 min without ramp (aimed at 10 fj,m thickness).
First Bake on hotplate at 110°C for 80 sec.
Second coat AZ9245, static
Second Spin at 2100 rpm for 1 min without ramp (aimed at 24 //m overall thickness).
Edge bead removal AZ EBR solution at 100 rpm
Second Bake on hotplate at 110°C for 160 sec
The aligner is Model 200 Tabletop Aligner from OAI - Optical Associates Inc.
Expose 90 sec with vacuum assisted mask contact at 20mw/cm 2 . Here the undercutting and wider openings are not very important and the exposure time can
be more to decreased the development time.
Development in H2O:AZ400K 4:1 for 3 min with agitation.
Plasma oxygen 75 w for 5 min in Plasmaline 211 from Tegal Corporation.
Preparation for DRIE by Pasting to the 4-inch oxidized wafer and backside protection with Kapton tape.
The etcher machine is Multiplex Advanced Silicon Etch (ASE-SR) ICP system
from STS (Surface Technology Systems).
Etching with the recipe Deep3 for 130 min. The aimed depth is 385 /um the
thickness of wafer.
The Deep3 recipe is given in Table A.2.
Resist striping with Acetone and IPA in ultrasound bath for 5 min each solvent.
Cleaning in Piranha solution (H2SO4 : H2O2 5:1) for 10 min and BOE for 10 sec
in ultrasound bath.
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A.4 Thermal oxidation

A.4 Thermal oxidation
The furnace is Tempress tube furnace.
Initial temperature 600°C tube furnace temperature on the time of sample loading.
Initial gas flow N 2 , 1 L/min.
Temperature rise to 950°C in 25 min.
Wait for 5 min
Oxidation under 0 2 , 2.5 L/min and H2, 5L/min for 150 min.
Cooling down under N2, 1 L/min for 150 min.
Unload on the next day (suggested)

A.5

PECV oxide deposition

Dehydration in box oven at 125°C for 30 min.
The deposition machine is MESC Multiplex CVD form STS (Surface Technology Systems).
First deposition STS PECVD, Low frequency Si0 2 (revision, 2005-10-11), for 12
min.
Chamber cleaning
Second deposition STS PECVD, Low frequency Si0 2 (revision, 2005-10-11), for
12 min.
P E C V D recipe is given in Table A.3.
Annealing the oxide film in Tempress tube furnace
Initial temperature 20°C (furnace temperature on the time of sample loading).
Initial gas flow N2, 2 L/min.
Temperature rise to 700°C in 40 min.
Annealing under N2, 2 L/min for 120 min.
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A.6 Bottom electrodes deposition

TABLE

A.3 - The details of PECVD recipe

Recette P E C V D - STS
:Nom <fc la recette .

PREDEP

• Process mode

Description [ LFSJ02
Pump down time
Gas stabilisation

AutoAPC
Pressure

00.20

(mm:s5)

01.00

(mm:ss)

•

300

continuous

•

mTorr

650

Platen

Q discrete

Manual APC

El

-

|

"c

250

bhuwerhUitU

C

T o ' feu.
Line

Name
N2

1
2
3
4
5
6
7
8
9
10
11

02
CF4

200~

1800

N20
A

r
QeH4
SiH4

50

10%PH 3 -90%Ar
10%B 2 H 6 -90%H 2
NH3
CH4

380w
LF Value
•
HF on coll only
0
LF on coil only

LF Generator
Power
|

Flows(sccm)
0

W

HF value 13.56 MHz
IF on coil firs t
LF on coil fi rst

•

Matching

B Auto

QManu al
Lo 3d

8.0

Tu ie

62.0

Cooling down under N2, 2 L/min for more than 210 min.
Unload the sample.

A.6

Bottom electrodes deposition

Dehydration in box oven at 125°C for 30 min.
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A.6

Bottom electrodes deposition

The spinner is model WS-400A/B-6NPP/LITE/IND from Laurell
Adhesion layer HMDS at 5000 rpm for 30 sec.
Coat AZ5214E static.
Spin 3000 rpm for 45 sec without ramp.
Edge bead removal AZ EBR solution at 100 rpm.
Softbake on hot plate at 95°C for 60 sec.
The aligner is Model 200 Tabletop Aligner from OAI - Optical Associates Inc.
Expose at 20mw/cm 2 with vacuum assisted mask contact for 8 sec.
P E B on hot plate at 115°C for 120 sec.
Flood expose at 20mw/cm2 without mask for 60 sec.
Development in H2O:AZ400K 4:1 for 90 sec without agitation.
Plasma oxygen at 75 W for 5 min in Plasmaline 211 from Tegal Corporation.
The Evaporator is AUTO 306 from BOC Edwards.
Titanium deposition with electron beam evaporator at rate of 2A/sec to the layer
thickness of 18 nm.
Platinum deposition with electron beam evaporator at rate of lOA/sec to the
layer thickness of 175 nm.
Photoresist striping Noanoremover at 75°C for 120 min in ultrasound bath. The
sample should be upside down.
Metal particle removing Although the sample is upside down in ultrasound bath,
many of metal residues in solution stick to the surface of sample. They cannot
be removed easily because they are very small . The following recipe helps to
remove these particles.
Coat S1813 (cheap photoresist) static.
Spin at 5000 rpm for 30 sec
Bake at 115°C for 60 sec.
Photoresist stripping with Acetone in ultrasound bath for 1 min. The substrate should be upside down.
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A. 7 Sol-gel derived PZT deposition

O b s e r v e the substrate surface and repeat the process for many times till get

a reasonable amount of metal residues.
Cleaning in Acetone and IPA for 10 min each.
Annealing the platinum layer in Tempress tube furnace.
Initial temperature 20°C (furnace temperature on the time of sample loading).
Initial gas flow N2, 2 L/min.
Temperature rise to 570°C in 15 min.
Annealing under N2, 2 L/min for 15 min.
Cooling down under N2, 2 L/min for more than 120 min.
Unload on the next day (preferably).

A.7 Sol-gel derived PZT deposition
Dehydratin in box oven at 125°C for 30 min.
The spinner is model WS-400A/B-6NPP/LITE/IND from Laurell
Coat the substrate statically with PZT sol-gel solution 10wt%PZT(115/52/48)El
from Mitsubishi Materials Corporation.
Spin at 500 rpm for 3 sec.
Spin at 1500 rpm for 30 sec
Drying on hot plate at 150°C for 4 min.
Pyrolysis on hot plate at 400°C for 6 min.
Cooling down on hot plate at 150°C for 2 min.
Annealing the PZT layer in Tempress tube furnace.
Initial temperature 20°C (furnace temperature on the time of sample loading).
Initial gas flow O2, 2 L/min.
Temperature rise to 650°C in 20 min.
Annealing under O2, 2 L/min for 20 min.
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A.8

PZT wet etching

Cooling down under O2, 2 L/min for more than 120 min.
Unload on the next day (preferably).
Repeat these processes until get desired thickness and quality of PZT layer. In
this project the thickness is about 340 nm.

A.8

PZT wet etching

Dehydration in box oven at 125°C for 30 min
Backside protection with deposition and baking of a thick layer of AZ9245 on
the Backside of substrate.
Plasma oxygen to clean the front of substrate in Plasmaline 211 from Tegal Corporation.
The spinner is model WS-400A/B-6NPP/LITE/IND from Laurell
Adhesion layer HMDS at 5000 rpm for 30 sec
Coat AZ9245, static
Spin at 3800 rpm for 1 min without ramp.
Edge bead removal AZ EBR solution at 5 rpm
Bake on hotplate at 110°C for 2 min
The aligner is Model 200 Tabletop Aligner from OAI - Optical Associates Inc.
Expose 10 sec with vacuum assisted mask contact at 20mw/cm 2 .
Development in H2O:AZ400K 3:1 for 4 min with soft agitation.
Edge protection with spinning the photoresist on the edge of substrate and drying
in vacuum (not baking).
Plasma oxygen 75 w for 5 min in Plasmaline 211 from Tegal Corporation.
The etchant solution is DI:HC1:B0E(6:1) 206:100:16 [Wong, 2003].
E t c h t i m e for a 360 nm thick layer of PZT is 135 sec. In fact the first try with 105

sec etch time was not enough.
Resist striping with Acetone and IPA in ultrasound bath for 5 min each solvent.
Cleaning in plasma oxygen at 75 W for 5 min.
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A. 9 Top electrodes deposition

A.9 Top electrodes deposition
Use the same recipe as the bottom electrode except that the top electrode may not
need be annealed.

A.10 SU-8 Deposition
Plasma oxygen at 100 W for 10 min in Plasmaline 211 from Tegal Corporation.
Dehydration in box oven at 125°C for 30 min
The spinner is model WS-400A/B-6NPP/LITE/IND from Laurell
Coat SU-8 2015, static
Ramp at 100 rpm/sec up to 500 rpm.
Ramp at 300 rpm/sec up to 2000 rpm.
spin at 2000 rpm for 30 sec.
Soft bake on hotplate at 65° C for 1 min and 95° C for 3 min (two hotplates are
needed).
The aligner is Model 200 Tabletop Aligner from OAI - Optical Associates Inc.
Expose 27 sec with i-line filter and edge bead mask at 20mw/cm 2 .
Post expose bake on hotplate at 65°C for 1 min and 95°C for 2 min.
Development in SU-8 developer for less than 90 sec with soft agitation.
Rinse gently with IPA for 3 min.

A.11

Low temperature bonding

The bonding should be established right after deposition and patterning of SU-8
layers.
The bonding chuck are two stainless steel cylinders with perfectly flat and polished surface.
Heat up the chucks in box furnace at 98° C for at least 3 hr.
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A. 12 Anodic bonding

Align the two substrate coated with SU-8 using the pins and put them rapidly
between two hot chucks.
Apply the force more than 150 N for 3-inch substrates with a clamp.
Keep it hot in furnace at 98°C for 30 min.
Unload it from furnace and let it cool down for 10 min.
Decrease the force gradually and let it cool down.
Remove the pins gently.

A.12 Anodic bonding
Cleaning in Piranha for 10 min in ultrasound bath.
Setup is a reverse setup that Pyrex is on aluminum plate on hot plate with negative
potential and the silicon is on the top with positive potential applied by a copper
electrode as shown in Fig. 3.10, the right side picture.
Bonding temperature is 400°C on hot plate.
Bonding voltage is DC 1000 V produced by a high voltage power supply.
Bonding force is a gently force that does not break the sample applied by hand
on electrode. If the surfaces are clean the electrostatic force is enough for
establishing good bonding.
Put the Pyrex slab on the hot plate with the bonding temperature.
Flip the silicon slab on the Pyrex and align it.
Put The electrode on top of silicon.
Apply the voltage and monitor the circuit current.
shut down the voltage when the current becomes steady. The bonding time should
not be less than 5 min or more than 15 min (for 9 mm x 14 mm chip).
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appendix

B

SUGGESTED FUTURE MICROSCALE SHOCK TUBE
The suggested fabrication procedure for the future microscale shock tube presented
in Fig. B.l is as follow:
I-i The starting substrate for fabrication of sensors is a 300 /mi thick DSP silicon
wafer.
I-ii Etch through the wafer to transfer the alignment marks.
I-iii A layer of thermal silicon oxide is grown on the substrate to make the device's
electrical barrier.
I-iv A layer of Platinum is deposited on the substrate to function as the sensor's
bottom electrodes.
I-v The sol-gel derived PZT is deposited and annealed on the substrate.
I-vi
I-vii Another layer of platinum is deposited to realize the top electrodes for the
sensors.
I-vii Etch from the back of wafer to cut the chips with desired geometry. The etch
will stop on the oxide film.
Il-i To cover the channel another silicon wafer of the same type is used.
H-ii The microchannels are etched on the substrate.
II-iii Etch from the back of wafer to cut the cover substrate with desired geometry.
Mechanical alignment and clamping A well designed geometry will allow to
align the two substrate using reference surfaced on the side of the chips and
then clamp the two substrates together.
Figure B.2 shows the suggested experiment setup for the future microscale shock
tube. The stretched membrane will be burst using a cutter and the rest of events are
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FIGURE

B . l — Suggested microfabrication approach for the next generation of microscale shock tubes

the same as before. The possible leakage of the high pressure gas into the channel
before the test will be exhausted from the designated vent to maintain the desired
pressure ratio P4/P1 in the channel. By using this vent the shock tube cannot be
used to observe the reflected shock wave.
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FIGURE

B . 2 — Suggested experiment setup for the next generation of microscale shock tubes
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