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ABSTRACT particle concentration distribution within a vertical cross-
The application of micro process tomography to section because the optical beam is scattered.

microchannels is considered in this paper. Using the micro An electrical computed tomography has high possibility to
process tomography system in microchannel, a particle visualize the dense particle concentration distribution in the
distribution image can be obtained in a two phase flow. Based patrticle liquid two phase flow in the vertical cross-section. The
on the reconstructed image, it is easy to estimate the particleelectrical computed tomography is used for visualization of
movement in a fluid flow. A novel microchannel system is dielectric media in the case of electrical capacitance
designed for electrical process tomography that includes 60tomography (ECT) and conducting media in the case of
electrodes distributed cross-sectional at five positions. The electrical resistance tomography (ERT) in the vertical cross-
particle and water were injected into the microchannel, and section of a large channel [8]. ECT is a technique for obtaining
then the capacitance of the fluid flow was measured at cross-information about the particles concentration distribution of
section of microchannel. The result showed the 2D image of two phase flow by measuring the capacitance between
particle distribution of cross-section in the microchannel. Also, electrodes around the channel [9]. In the past, many researches
cross-sectional images of the particle distribution of a two published already the results of particle distributions in a large

phase flow are simulated. scale pipe using capacitance tomography to produce a cross-
sectional image of pipe ([10], [11]).This study only showed that
1. INTRODUCTION the tomography process is a typical for industry applications.

Multiphase flow in a microchannel has attracted attention as aERT is used to evaluate the dynamic behavior of the particle
result of its wide range of applications, which include medical concentration distribution of particle liquid two phase flow by
and biomedical applications, as well as chemical separationsmeasuring the voltages between electrodes around the channel
([1], [2]). The emergence of micro-electro-mechanical-systems [12].

(MEMS) technology [3] has generated tremendous interest in New applications are beginning to emerge from miniature
micro-scale two phase flow dynamics[4]. In order to fabricate sensors in the electrical computed tomography. Griffiths et al.
the microchannel and to enhance the industrial efficiency, the reported a circular array of 16 electrodes that was developed for
particle concentration distribution inside the microchannel must a miniature sensor in the electrical computed tomography [13].
be known. A number of studies have investigated measurementAlso, York et al. [14, 15] showed the 16 electrodes of one
of the particle concentration distribution inside the cross-section in a miniature sensor by silicon etching, and
microchannel using micro particle image velocimetry (micro- reconstructed the concentration of multiphase flow in the one
PIV) and micro laser induced fluorescence (micro-LIF) [5]. cross-section by ECT. However, the miniature sensors are
Micro-PIV is used in order to quantify the particle liquid two available for the only hole type cross-section in multiphase
phase flow patterns for the measurement of particle phase flow. Therefore, the miniature sensors need pipe type and
concentration distribution in a horizontal cross-section of a several cross-sections to visualize the spatial transition of the
microchannel [6]. Micro-LIF is commonly used in direct particle concentration distribution in the microchannel.

microfluid visualization in a horizontal cross-section [7]. These In this research, using the micro process tomography system
methods are types of optical visualization; however, the optical in microchannel, a particle distribution image can be obtained
visualization is not applicable for the measurement of densein a two phase flow. Based on the reconstructed image, it is
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easy to estimate the particle movement in a fluid flow. A novel

microchannel system is designed for electrical process Step (1) Photolithography

tomography that includes 60 electrodes distributed cross- —— — Master layer
sectional at five positions. The particle and water were injected
into the microchannel, and then the capacitance of the fluid Bt b
flow was measured at cross-section of microchannel. The result l ! Cnarts glase 2006

. 2 i
l Step (2) Compression Quartz glass 200um

showed the 2D image of particle distribution of cross-section in Step (3) Repeat step (1} to (2)
the microchannel. Also, cross-sectional images of the particle [ :
distribution of a two phase flow are simulated. ! |

l Step (4) Micromechanical processing

2. NOVEL MICROCHANNEL [ — ]

| 4 Y |
| I A |

«—Quartz glass:100um
l Step (5) Repeat step (1) to (4)

The following section describes the fabrication processes of : | J |
the microchannel. The microchannel has five measurement Ut — J
cross-sections and embeds 12 electrodes in each cross-sectio l Step (6) Compression
for the micro process tomography application.
The microchannel material is quartz glass (width: 2cm, | 7 N |
thickness:200m) whose characteristics are high heat
resistance, transparency through a microscope, strong acic ——\ Jf—u—
resistance and chemical reactive resistance. The electrode

material is platinum wire (width: 2@@n,thickness: 0.2m) l

2.1 Manufacturing process of microchannel

whose characteristics are high electrical conductivity, high o~

corrosive resistance, strong acid resistance and chemical { )

reactive resistance. Therefore, this microchannel is considered AL

not only for a common multiphase flow but also for heat

transfer process and chemical reaction as well. Fig.1 Manufacturing process of microchannel
The microchannel is fabricated by MEMS processes. Figure 1 5 mm

shows the fabrication processes of the microchannel in the I

cross-section: the fabrication processes has six steps. First, thi )

master layers are fabricated by deposition of platinum wire on i L ; ‘ Q“i“gg glass
quartz glass using photolithography [see Fig.1 Step (1)] [16]. g ﬂ
The second step is a sandwich compression of the master laye

and the quartz glass for making a first electrode layer [see Fig.1 T
Step (2)]. The third step is a sandwich compression of the first 20mm
electrode layer and another master layer made by Step (1) for ==
making a second electrode layer. The third electrode layer Platinum
obtained by repeating the same process is thinned to @100 2004
thickness by chemical mechanical polishing [see Fig.1 Step
(3)]. The fourth step is the micro mechanical processing called
a triangle-shape drilling for making the flow groove [see 1 Step
(4)]. The processes until the fourth step is the fabrication
processes of the upper electrode layer in the microchannel. The
lower electrode layer is obtained by repeating the same proces:
from Steps (1) to (4) [see Fig.1 Step (5)]. The last step is a
compression between the upper electrode layer and the lowel
electrode layer for the microchannel [see Fig.1 Step (6)]. Figure
2 shows the 3D view of complete microchannel embedding60
electrodes. It has five cross-sections with 6 electrode layers.
The distance between two cross-sections is 5mm. Figure 3(a) is
the assembly of the microchannel with a transparent acrylic
cover. The microchannel has three inlets in the left side of the

Fig.2 3D view of complete microchannel with embedding 60
electrodes

AR : i . 'im ] Microcham
cover for the flow injection, three outlets in the right side of the Electrods tails
cover for the flow discharge. Figure 3(b-1) shows three (a)
overlapped electrodes with vertical 200um clearance in the (b-1)

upper electrode layer from the top view of the microchannel.

The electrodes face to the wall of diamond shape groove. Fig. 3 (a) The assembly of the microchannel withaagparent
Figure 3(b-2) shows the tail part of the overlapped electrodes, acrylic cover (b-1) three overlapped electrodes with the

ﬁepfal[ating to three horizontal positions for easy measurementmicrochannel. (b-2) the tail part of the overlapped electrodes
andling.
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2.2 Set up the microchannel connecter spanwise direction, theaxis is the vertical direction. Figure 7
shows the microchannel geometry in the microchannel system.
Microchannel connecter was comprised of two couples The cross-sectional electrodes are located at the five position of
patterning board, spring pin, center board and pin connecter.the main flow direction from the cross-sections A to E. The
Fig.4 shows the picture of microchannel connecter with cross-section A is the right edge of the inlets A and C. The
microchannel. The patterning board has 16 pins commercial distance of the straight part is 20mm from the electrode center
connecter with 15 spring pins. From the patterning board, it can of the cross-section A to the electrode center of the cross-
connect to electrode and send a measurement data over the dat&ction E at each 5mm interval. TRexis is the main flow
acquire machine. Spring pins are connected electrodes andjirection. The origin point of the coordinate system is the cross
patterning board can used commercial connecter. The totalpoint between center of main flow direction and the electrode
dimension of this connecter system with microchannel is center of the cross-section A. The two inlets A and C, two
140x70x14(LxDxH) mm. The patterning board is an outlets A and C are used for the flow injection and the flow
application-specific electric circuit for measurement data in our discharge respectively. The micro pumps (IC3100 [KDS100],
microchannel. It has advantage of stability acquire KD Scientific, USA) are an automatic dispenser and control the
measurement data, before the system is measured instabilitfiow rate to the microchannel inlets. The capacitance
data. Because, electrode tails is connected direCtly to themeasurement System (PTL300, UK) measures the electrical
electric wire by using glue. The electrode tails are easily off to capacitance in the two phase flow in the microchannel system,
microchannel and if that happens, microchannel cannot which sends the electrical capacitance data to the computer.
measure the data. Therefore, microchannel needs to connect|n the experimental condition, the deionized water (Yas
system for a stable measurement. The alternative plan is thajnjected into the inlet A, and the particle flow 3% was injected
the electrode tails part removed then make the small hole in thejnto the inlet C. The micro particle distribution was measured in
microchannel. The small holes fill up tartar with lead by the cross-section C. The particle diameter iquh,3and the
mixture. Next step is put a spring pin on a hole of microchannel.particle material is spherical polystyrendneTflow rate is 0.001
In this microchannel connecter, it can measured data at them|/s, it is corresponded to Poiseuille flow region at low
same time. Also, it is very stable method than before system byReynolds number (Re=150). Theampling time of each
oneself making. measurement data 0 seconds: the sampling number is two
hundred timeger one second.

Pin connectc /
Spring pin =
Micro pump ECT system
Microchanne
Central boar : ‘
Microchannel
Computer
Top circuit boar Fig.5 Experiment setup
h
A Electrode y

Fig.4 Microchannel system

-16 0 E]a

400 1 400pum

3. EXPERIMENT OF MICROCHANNEL

3.1 Experimental setup

The experimental equipment consists of the microchannel ! e

system, micro pump, a capacitance measurement system, and a

computer as shown in Fig. 5. Figure 6 (a) shows the twelve (@) (b)
electrode positions in the cross-section of the microchannel. In
the case of 12 electrodes and 32x32=1024 pixels in the cross-
section, as shown in Fig.6 (b). The electrodes are clockwise
numbered from the right bottom position #1. Thaxis is the

Fig.6 (a) Electrode position in the cross-section (b) 32x32
space resolution in the cross-section
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Flow direction
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Fig.7 Geometry of the microchannel
4. SIMULATION OF MICROPARTICLE DISTRIBUTION

4.1 Microparticle phase

In this mathematical model, the microparticle phase is treated
as a discrete phase that is described by a conventional discret
element method (DEM). Movement of individual microparticle
is evaluated by Newton’s equation of motion, which includes
the effects of gravitational force, contact force, and fluid force
The translational and rotational motions of a particle at any
time, t, in the reactor are determined by the momentum balance
which is given as follows:

dv—f f

ma_ atTctg (1)
|d_a)_'|' ()
dt

where m is the mass of the particley and o are the
translational and rotational velocities, respectivdlyis the
moment of inertiaf, is the force acting on a particle exerted by
the surrounding fluid,f. is the contact forceg is the
gravitational force, and is the torque caused by the contact
force and the moment of inertia of the particle. Cundall and
Strack [17] proposed a sample model to formulate the particle-
particle interaction. Based on their research, the contact force
between two spherical particles can be modeled by the simple
concepts of the spring, the dash-pot, and the friction slider. The
contact forcef; can be divided into a normal contact fofge

and a tangential contact forfg as follows [18]:

ax,

dx,
« TR <t @
X,
o /Uf‘ cn“xt‘ if |fd|>/Jf|fcn| ®)

wherek, andk; are the stiffnesses of the springs in the normal
and tangential directions, respectively, and #, are the
coefficients of viscous dissipation in the normal and tangential
directions, respectively, andx; are the particle displacements
in the normal and tangential directions, respectively, @and

k. is assumed to be equal kg and the coefficient of viscous
dissipation in the tangential directiop is also assumed to be
equal to n,. Here, the contact force model is also used to
simulate the interaction between the particle and the wall.

4.2 Liquid phase

The liquid phase is treated as a continuous phase and is
modeled in a manner similar to that used in the conventional
two-fluid model. The governing equations are the conservation
of mass and conservation of momentum equations in terms of
the local mean variables over a computational cell, which is
given as follows:

oe

E+V (eu)=0 (6)
M+V.(pggguu) =
e ot
(7

—e,Vp+ f,; +&,(u+ u,)V2u
wheregg is the void fractionu is the velocity vector of the

" fluid, p is the pressure of the fluid, is the fluid drag force

exerted on the particley is the fluid viscosityu, is the eddy

'viscosity, dV is the volume of the computational cell, amds

the number of particles inside the cell. Here, the stankkard
model is used as the turbulence model. The turbulent kinetic
equation and dissipation rate equation are as follows:

ok

Py (at+(v V)kj
, ®)
V[(y + 'L‘*)ij +S—py€
O
Py ((§+ (V-V)S) =
p . o2 )
V((ﬂ+j)V£]+ClkS—C2pg Dy
where
k?/e (10)
s= zﬂ@;‘J (11)

The relative constants in the turbulent model are listed in
Table 1. The fluid drag force can be calculated as follows:
fal _ﬂ(vpi Ui)é\/ (12)
where v, is the particle velocity. The coefficiefit can be
determined by Ergun’s equatio#<(.8) [12] or Wen and Yu's
equation £>0.8) [13]. In the present study, was deduced
based on the equations summarized in previous studies [14].

Table 1 Constants used in the turbulent model

the friction coefficient. As shown in the above equations, the
stiffness, the coefficient of viscous dissipation, and the friction

C/, Cy Cy %

0:

coefficient, which can be obtained from the physical properties
of the particles, must be determined before the calculation of

0.09 1.44 0.92 1.0 1.3

the contact force. In the present study, these parameters were

determined by the method proposed in the previous papers [19].
Moreover, the stiffness of the springs in the tangential direction
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4.3 Simulation condition generated by the micro process tomography. In the Fig.10, the
In the present simulation, the flow of air and particles is x-axis shows the-axis pixels in the cross-section, thexis
assumed to be two-dimensional because the thickness of theshows they-axis pixels in the cross-section, thaxis shows
bed is equal to the particle diameter, which is much less thanthe capacitance value. Figure 11 shows the 3D reconstruction
the bed width. The simulation model was designed as image in the cross-section of microchannel. Vfaxis andz
microchannel. The liquid phase is injected from inlet A and axis of 2D cross-section image is reconstructed to the time. The
ejected from an outlet. Microparticles can only leave the cross-section images displayed were collected every @001
calculation domain through the outlet. The cell size for the The microparticle distribution of microchannel is easily
calculation of liquid motion is 2.mx1.5um. understand from the 3D reconstruction image.
Table 2 shows the basic simulation parameter condition of the
present study. The time step for simulation is calculated by the
equation proposed by Tsuji et al. [18]. The time step strongly
depends on the stiffness. The actual stiffness will yield a very
small time step, which requires a very long computation time. Eiactrade 12 of
In the present simulation, a smaller stiffness value was assumec s GG
in order to reduce the computation time. The time step for the
simulation is 2x10-5 s when the particle diameter igni%nd
2x10° when the particle diameter isi®. A no-slip condition
is used for the air phase at the walls and particles are allowed == e
for frontal collisions with the wall. Air is injected into the Electrode 1 of
container uniformly in order to fluidize the particles. The  Crosssection C
results presented in the present paper are obtained in such .
state.

Flow direction

o _ Particle
Table 2 Basic simulation parameters
Liquid phase Micro particle phase Fig.8 Cross-section image in the microchannel by using ECT
. Deionized ) ) 20
Fluid Particle shape: spherical 18
water 5
Densit Densit L 14
Y 1,000 Y 1,000 T
(kg/nr) (kg/nr) g o
Velocit Spring constant 2
Y 1.0 pring 4.0 g0
(m/s) (N/m) .
Viscosity 5 - - 2
2.0x10 Friction coefficient 0.3 0
(kg/ms)
- i -16 -14 -12 -10 8 6 4 -2 0 2 4 6 8 10 12 14 16
GraVIty acceleratio 0.8 X axis pixel number [-]
(m/s)

Fig.9 Capacitance value xaxis pixel in the one cross-section

5. RESULT AND DISCUSSION
20

Figure 8 shows a micrograph of the tap water plus particle
flow in the cross-section C of the microchannel. The black
areas are the electrodes 1 and 12. The shaded dots are th '
particles in the center of the microchannel. Figure 9 shows the
capacitance value ir-axis pixel of cross-section. Theaxis 10
pixel number 0 means the center of the cross-section. The
higher number and the lower number is near the wall. The
capacitance value of center is much higher than the capacitance 3
value of wall in the cross-section. It means the microparticle is
distributed in the center side of cross-section. Figure 10 shows
the capacitance value of one cross-section. The capacitance
value is obtained by each image pixels. The microparticle is
distributed in the center side. In the figure, red indicates the ™ i o
high capacitance of the microparticle distribution, and blue Famspeld 0 0 e
indicates the low capacitance of liquid distribution. The yellow
and the green part is distributed around the boundary between  Fig.10 Capacitance value of one cross-section
the microparticle and the liquid which is an inevitable error

Capacitance C [-]
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(a) t=t+At (b) t=t+2At (c) t=t+3At (d) t=t+4At (e) t=t+BAt
(At=0.001mi/h)

Fig. 11 3D reconstruction image in the cross-section of microchannel

Figure 12 shows the simulation result of microparticle in 6. CONCLUSIONS

microchannel. Figure 12(a) shows the microparticle distribution This paper describes the fabrication of a microchannel
images in the microchannel, whereas the initial microparticle with 60 electrodes and the measured impedance of an electrode
loading condition becomes concentrated and partial. Figurein the microchannel. The manufacturing process for the
12(b) shows the microparticle velocity in the microparticle microchannel is successfully completed by compressing two
distribution. As the liquid is injected through the inlet A, quartz glass layers with a platinum electrode. The microparticle
microparticles start to disperse, and most of the microparticles distribution was measured in the cross-section of microchannel
move toward the outlet area and leave the container through theby using micro process tomography. The microparticle
outlet, although the microparticles concentrate at the centerdistribution is changed to the time. Usually the micropatrticle is
side. distributed in the center of cross-section.

A numerical simulation for microparticle distribution was
performed by combining the discrete element method and
computational fluid dynamics in a two-dimensional domain.
Distribution images of the microparticle were obtained by the
simulation. The microparticles move toward the outlet area and
leave the container through the outlet, although some of the
microparticles concentrate at the center side.
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