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NUMERICAL INVESTIGATION ON BOTTOM GAP
OF MICRO FLOW SENSOR

Mohd Zulkiefly Abdullah', T. Kouta, Takuma Kamijo?, Makoto Yamamoto®,
Shinji Honami® and Shoji Kamiunten®

Micro sensor is very useful for flow measurements in a number of engineering applications. Especially,
it is necessary for the development of MEMS. This paper presents the 3D numerical simulation of flows
around a micro flow sensor, which is mounted on a flat plate. The effects of the sensor configuration (i.e.
bottom gap) and the Reynolds number on the flow field are numerically investigated. The numerical results
indicate that the bottom gap clearly affects the flow fields over the top surface of the sensor. The Reynolds
numbers also show a significant influence on the flow nature, especially on the recirculation zone at
downstream of the sensor. The present results illustrate a certain improvement on the flow field for the
sensor installed at 0.5mm above the wall with four pillars, comparing with that directly mounted on the wall
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1. INTRODUCTION

The measurement of fluid flow is one of
essential fields in a sensor technology of process
control. Important applications of a flow sensor can
be found in mechanical engineering, medical
equipment, semiconductor fabrication, automabile
industry and so on[1]. Especially, with the recent
development of micro-machines, the flow
measurement in micro-machines has been a critical
issue. In many cases of micro-machines, however,
the measurement must take place inside the channel
or pipeline having a small cross-sectional area that
usually inaccessible with the conventional sensors.
Thus, the micro sensor is needed for such purposes,
and it must have excellent reliability under severe
conditions and have to be realized at low cost.

In recent years, using the MEMS technology, a
great number of thermal flow sensors have been
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fabricated and employed in different applications
[2-5]. They have been classified into two types.
One is the hot wire anemometer type, where the
cooling caused by forced convection is detected.
The other is the temperature difference type, where
the difference of the temperature between upstream
and downstream the micro heaters is detected. In a
micro-liquid handling system, one of the basic
components is the micro liquid flow sensor, which
is made by using the ‘time-of-flight’ flow sensing
technique[7,10]. Other micro-machined flow sensor
is also realized in or close to the flow channel for
sensing gas flows[4,6,8,9]. They make use of a
heater whose temperature is a function of the heat
carried away by the medium in the channel.

For the optimal design of a micro sensor, to
investigate the flow field around it is important and
necessary. However, since a micro flow sensor is so
small in scale, it is too difficult to experimentally
measure the flow field. Therefore, the use of a
computational fluid dynamics (CFD) is needed to
understand the flow behaviour around a sensor,
particularly near the sensor surface, before the
improvement can be made.

In the present study, the three-dimensional
simulations using a computational fluid dynamics
(CFD) code has been used to investigate the flow
field around the sensor at two different
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Fig. 1 Micro flow sensor supported with four pillars

installations; (Case A) the sensor is directly
mounted on the wall surface and, (Case B) the
sensor is installed at 0.5mm above the wall and
supported by four square-sectioned pillars. We refer
the flow passage below the sensor to “bottom gap”.
The effects of Reynolds numbers on the flow fields
are also studied. The Reynolds numbers are varied
from 700 to 7100, considering the practical
applications. The numerical results indicate that the
flow field over the top surface of the sensor can be
significantly improved for the sensor sensitivity, by

installing the micro sensor at 0.5mm above the wall.

2. STRUCTURE AND MEASURING PRINCIPLE
OF MICRO FLOW SENSOR

The micro flow sensor studied in this study is the
temperature difference type. It consists of one
heater and two temperature sensors that are thermal
sensitive thin films and are fabricated on a silicon
chip. Fig. 1 shows the schematic of the micro flow
sensor we investigated (Case B). The dimensions of
the sensor are 1.7mm, 1.7mm and 0.5mm in width,
depth and height, and the bottom gap is 0.5mm. In
the operation, electric power is supplied to the
heater, to maintain it at a specified temperature
higher than that of the surroundings.

The measuring principle of the present micro
flow sensor is based on the convective heat transfer
from the heated resistance or the upstream sensor to
the surrounding fluid. As the fluid flow passes over
the micro flow sensor, the asymmetric temperature
distribution with respect to the center of the micro
flow sensor occurs because of the convective heat
transfer. The output signal of the micro flow

Unit @ mm

Fig. 2 Model of micro flow sensor
with four pillars in a passage

sensor is proportional to the temperature difference
between the upstream and downstream temperature
sensor. And the flow rate, friction stress and so on
can be estimated from this temperature difference.
Therefore, larger convective heat transfer (in other
words, thinner boundary layer on the top surface, or
larger velocity near the sensor) is desirable in the
sensor sensitivity and performance. In addition, the
flow separation on the sensor top surface should be
suppressed to keep stable and accurate measure-
ments.

3. COMPUTATIONAL PROCEDURES

A unit cell containing a micro flow sensor in a
rectangular passage is chosen to perform the
computational analysis as shown in Fig. 2.
Cartesian coordinate is aligned with the edge of the
micro sensor, as shown in Fig. 2. In the calculations,
the flow is assumed to be incompressible and
isothermal. It should be noted that the effect of
convective heat transfer from the heater is
neglected in the present study.

The governing differential equations used to
describe the fluid flow are the Navier-Stokes
equations and the equation of continuity as ;

VeV=0 0]

XN +(Vev)V= —lgrad(P) + L(AV) 2
p Re

where Re is Reynolds number. Using the MAC
method, the Poisson equation (3) for the static
pressure P is derived, by taking divergence of
equation (2):
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AP = —-div(VeV)V+R 3)
where
oD 1
R=-"2+4—(AD) , D=VeV 4
p Rc( ) 4

and D is a corrective term used to prevent the
accumulation of numerical errors. All spatial
derivatives except for those of non-linear terms are
approximated by 2nd-order central difference. The

non-linear terms are discretized by 3rd-order
upwind scheme proposed by Kawamura and
Kuwahara[11,12];

ou

- =u;{u;,, —2u;,, +9u; —10u;, +2u;, )/ 6Ax

for yu>0 (5)
au
u—) =u;(~2u;,, +10u;,; —9u; +2u,, —u,, )/ 6Ax

for ;<0 (6)

a) Reynolds No.= 700

(c) Reynolds No. = 7100

Fig. 3 Velocity vector for the micro flow sensor installed at the wall surface

(a) Reynolds no. 700 b) Reynolds no. 2100 (c) Reynolds no. 7100

Fig. 4 Velocity vector on the micro flow sensor top surface
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At the inlet boundary, the velocity components of
v (x-direction) and v (y-direction) are set to be at
the angle of 45° for each coordinate in order to
represent the actual measuring position of the micro
sensor. The studies are made at Reynolds number
of 700 to 7100. These Reynolds numbers are based
on the sensor height and the maximum inflow
velocity. On the solid surface, all the velocity
components and normal pressure gradient are set to
be zero. At the outflow boundary, the streamwise
gradient of each variable is imposed to be zero. On
the top boundary, the normal gradient of each

variable is set to be zero.

The computational domain is 15.6mm, 15.6mm
and 2.3mm in width, depth and height. This domain
size is not large, but sufficient for the present
computation, because the flow is completely
laminar. The grid system employed in the present
numerical analysis has 92, 92 and 81 nodes in the x,
y and z-directions respectively (see Fig. 2). A non-
uniform grid arrangement in X, y and z directions,
with clustering a large number of grid points around
the sensor, is used to compute the recirculation
zones sufficiently. The code is run on a DELL

(b) Reynolds no. 2100

(c) Reynolds no. 7100

Fig. 6 Velocity vector on the micro flow sensor top surface
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Fig. 7 Schematic diagram of flow pattern on the micro sensor top surface for Case A and B

server with dual Xeon processors 2.8GB speed and
with the memory of 2GB. The computation time
needed to compute 10000 time steps in this
simulation is about 8hours. Time increment At was
chosen to be 0.001 in all computations.

4. NUMERICAL RESULTS AND DISCUSSION

First, the overall flow nature is investigated for
the micro flow sensor directly mounted on the wall
(i.e. Case A). We found that the boundary layer
flow on the sensor is steady, but the sensor wake is
slightly unsteady, that is, it oscillates with very low
frequency. The selective results of non-dimensional
velocity (i.e. local velocity/freestream velocity) in
the diagonal plane are shown in Figs. 3(a) through
3(c) for the Reynolds number of 700, 2100 and
7100. At the Reynolds number of 700 (Fig. 3(a)),
the velocity vectors indicate that the flow is
relatively smooth. However, a small recirculation is
observed at the upstream of micro sensor, whereas
at the downstream of sensor a recirculation
observed is large just downstream of the micro
sensor. It should be noted that the upstream
recirculation corresponds to a horseshoe vortex. In
Figs. 3(b) and 3(c) for the Reynolds number of
2100 and 7100, the recirculation zones are growing
and become more remarkable at the upstream and
downstream of the micro flow sensor. The results
also indicate that the size of recirculation zone

increases with the Reynolds number. Fig. 4(a)
shows the bird-eye’s view of non-dimensional
velocity vectors over the sensor top surface at the
Reynolds number of 700. The result demonstrates
that the flow velocity over the sensor top surface is
drastically reduced into small magnitudes of 0.2 to
0.4 due to the boundary layer effects. It can be seen
that the flow is nearly uniform and no vortices are
visible. At the higher Reynolds numbers (see Figs.
4(b) and 4(c)), the velocity slightly increases (about
0.21 to 0.41) with the Reynolds number. Moreover,
the results illustrate that the flow velocity over the
sensor top surface is larger along the diagonal, and
smaller towards the left and right corners.

Second, the results for the micro flow sensor
with four pillars (Case B) are exhibited. Again, the
boundary layer flow on the sensor is steady, but the
sensor wake is slightly unsteady. The selective
results of non-dimensional velocity vectors are
shown in Figs. 5(a) through 5(c) for the Reynolds
number of 700, 2100 and 7100. At the smallest
Reynolds number (Fig. 5(a)), the velocity vectors
show the flow is relatively smooth as similar to Fig.
3(a). However, the recirculation observed just
downstream of the micro sensor is much smaller
than that of Case A (see Fig. 3(a)). This is caused
from the flow passing through the bottom gap of
the micro flow sensor. Moreover, we can hardly
observe a horseshoe vortex at the upstream of micro
flow sensor. In Figs. 5(b) and 5(c) for the Reynolds
number of 2100 and 7100, again the recirculation
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Fig. 8 Velocity profile at the center
of micro sensor top Surface

zones are growing and become more visible both
upstream and downstream of the micro flow sensor.
We can observe that the core of the horseshoe
vortex goes away from the micro flow sensor, with
increasing the Reynolds number. The result also
shows that the flow underneath the micro sensor is
increased drastically with the Reynolds number,
and this flow with larger velocity has swept the
recirculation region downstream of the micro
sensor. Thus, the recirculation region has shrunk
significantly. Fig. 6(a) plots the bird-eye’s view of
the non-dimensional velocity vector over the sensor
top surface at Reynolds number of 700. The result
indicates that the non-dimensional velocity
magnitudes are in the range of 0.21 to 0.42, as in
Fig. 4(a). Again, the flow is uniform and no
vortices are visible. At the higher Reynolds
numbers (Figs. 5(b) and 5(c)), the results show that
the flow velocities over the sensor top surface are
larger at the diagonal, and smaller towards the left
and right hand comers. This trend is same as that
in Case A. However, the results also indicate that
the flows are separated and produced vortices at the
left and right hand corners of the micro flow sensor.

These flow patterns have drawn in Fig. 7 for clear
representation. Taking into account the fact that the
velocity at the center region of the top surface are
respectively larger than that of Case A (Figs. 4(b)
and 4(c)), where the velocities are about 60%
higher, these are probably caused by the reduction
of the recirculation regions upstream and
downstream of the micro sensor. That is, the
blockage effect is less effective in the micro sensor
with four pillars. From these results and the
measuring principle of the micro flow sensor (see
Section 2), we can confirm that the larger flow
velocity on the sensor top surface in Case B will
improve the sensor performance.

Finally, we investigate the characteristic of
boundary layer at the center of the sensor top
surface. Fig. 8 shows that the boundary layer
profiles for both cases and at the three Reynolds
numbers. Table 1 lists the effective flow area ratio
and the boundary layer thickness. The effective
flow area ratio means the ratio of the area where the
flow is nearly parallel to the freestream to the total
area of the sensor top surface. It is an important
parameter for the sensor to measure the flow stably
and accurately, and the effective flow area ratio of
100% is the best for the sensor performance. From
Fig. 8, it is obvious that the boundary layer
thickness is drastically decreased for the micro
sensor installed with four pillars (ie. Case B),
especially at the higher Reynolds numbers. As in
Table 1, the boundary layer thickness for Case B at
the Reynolds number of 700 is about 1.25mm, and
is reduced drastically to about 0.2mm at the highest
Reynolds numbers. Apparently, the boundary layer
thickness in Case B is much smaller than that in
Case A. This is because of the less blockage effect
of the sensor in Case B. On the other hand, the
effective flow area is smaller by about 10% for
Case B, compared with those in Case A, for all

Table. [ Effective area ratio, velocity range and boundary layer thickness on micro sensor

top surface at various Reynolds numbers

Reynolds Number 700 2100 7100
CASE A

1. Effective flow area ratio (%) 100 81 87
2. Boundary layer thickness (mm) 1.18 1.12 1.04
CASE B

1. Effective flow area ratio (%) 100 73 84
2. Boundary layer thickness (mm) 1.25 0.22 0.22
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Reynolds numbers. This is undesirable for the
sensor performance. However, since this reduction
of effective flow area is caused from the flow
separation around the left and right corners, the
influence on the sensor sensitivity would be limited.

The overall results obtained here illustrate that
the characteristic of the flow over the sensor top
surface has improved, by installing the micro sensor
with the four pillars.

5. CONCLUSIONS

The effects of the sensor configuration (i.e.
bottom gap) and the Reynolds number on the flow
field have been predicted by the finite difference
method. Three-dimensional computations were
performed for two-types of micro flow sensors and
at different Reynolds numbers. For the micro flow
sensor directly mounted on the wall surface, the
boundary layer thickness is larger over the micro
sensor top surface. At the higher Reynolds numbers,
the recirculation region behind the micro sensor
grows with increasing Reynolds number. Therefore,
these might deteriorate the sensitivity and
performance of the sensor. Meanwhile, for the
micro flow sensor installed with four pillars has
significantly improved the flow nature around the
micro flow sensor, especially the flow over the
sensor top surface. This is caused from the flow
passing through the bottom gap of the sensor. The
boundary layer thickness on the top surface is
drastically reduced due to the less blockage effect.
Furthermore, the numerical results have shown that
the recirculation region behind the micro sensor
shrinks, with increasing the Reynolds number.
Thorough this study, it was confirmed that the
micro flow sensor with four pillars can improve the
sensor sensitivity and the performance.
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