
Journal of
Fluids

Engineering Technical Brief
e

h
i

e
r

e
i

ers.

g

rs,
mi-
n
le.

d
vier-
d to

e
by
ise
od
ter
t
di-
of

red
nal

lk
ses,
-

the
l-
pro-

f

-
the

-

rs
zo-

the
re

57
Pressure Drops of Water Flow
Through Micromachined Particle
Filters

Tzung K. Hsiai
Department of Biomedical Engineering and Division of
Cardiovascular Medicine, School of Engineering
and Keck School of Medicine, Los Angeles, CA 90089-
1451. e-mail: hsiai@usc.edu

Sung Kwon Cho and Joon Mo Yang1

Mechanical and Aerospace Engineering Department,
University of California, Los Angeles, CA 90095

Xing Yang and Yu-Chong Tai
Department of Electrical Engineering, California Institut
of Technology, Pasadena, CA 91125

Chih-Ming Ho
Mechanical and Aerospace Engineering Department,
University of California, Los Angeles, CA 90095

When the particle is in the order of microns, flow through t
small opening produces a large velocity gradient, leading to h
viscous dissipation. Understanding the flow field is critical in d
termining the power requirement. In this paper, we studied wa
flow through filters fabricated by micro-electro-mechanical syst
(MEMS) techniques. The pressure drop calculated by a th
dimensional numerical code of the Navier-Stokes equations is
resonable agreement with the experimental data if the diam
and the side wall profile of the holes are measured with h
accuracy.@DOI: 10.1115/1.1514209#

Introduction
Filtration through thin perforated plates~filters! is a common

technique to collect solid particles suspended in fluids,@1#. With
the advent of micro electro mechanical system~MEMS! technol-
ogy, micromachined filters have been designed,@2–4#, to isolate
biological agents in the order of microns. The filter hole siz
must be less than or comparable to the sizes of target biolog
agents. Accordingly, the corresponding Reynolds numbers (RD)
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are less than 50, much lower than those of conventional filt
The Reynolds number is defined asUinD/bn, whereUin is the
inlet velocity,D the hole size,b the opening factor~ratio of area
of holes to total area! of the filter, andn the kinematic viscosity of
the fluid. Uin /b represents the velocity of the fluid passin
through the opening.

The empirical formulas established for the conventional filte
@5,6#, cannot accurately predict the pressure drop through the
crofilters,@4#. Dagan et al.@7# presented an infinite-series solutio
to the creeping viscous motion of flow through a single ho
Hasegawa et al.@8#, who investigated liquid flow through very
small orifices~8.8–1000mm!, demonstrated that the measure
pressure drops deviated above those predicted by the Na
Stokes numerical simulation as the hole size was decrease
micron order.

On the other hand, Yang et al.@9# presented a new design rul
to predict the pressure drop of air flow through MEMS filters
embracing the Navier-Stokes numerical simulation with prec
geometrical data of the filter. Likewise, we would anticipate go
correlation with the Navier-Stokes numerical simulation for wa
flow through the MEMS filters. It is critical to precisely predic
the pressure drop of fluid, which constitutes the basis of biome
cal applications. In this context, we studied the pressure drop
water flow through the MEMS based microfilters, and compa
the experimental data with the results from three-dimensio
Navier-Stokes numerical simulation,@9#.

MEMS Filters
The MEMS filters were fabricated by both surface and bu

micromachining technologies. For details in fabrication proces
please refer to Yang et al.@4#, where they showed that the depo
sition of Parylene C polymer on the surface greatly improves
strength of the MEMS filters. Figure 1 illustrates the MEMS fi
ters by photographs, geometric configuration and the sidewall
files taken from a scanning electron microscope~SEM!. The fil-
tering region was an 8 mm3 8 mm membrane with a thickness o
3 mm, while the frame region was constructed from a 500-mm-
thick silicon wafer. Two filters of different hole sizes~MEMS
Filter I and MEMS Filter II, respectively! were fabricated and
tested~Table 1!.

As shown in Fig. 1~c!, sidewalls were not perfectly perpendicu
lar to the surface of the filters. Consequently, the diameters of
front and the back sides were different~Table 1!. This variation
inevitably occurred as a result of etching processes,@10–12#.
Here, the opening factor~b! was calculated from the hole diam
eter (D) of back side and spacing between the holes (s). The
precision in measuring the hole diameter of the MEMS filte
influenced the accuracy of pressure prediction. A pie
electrically driven optical interferometer type profiler~WYKO!,
which provides a lateral resolution of approximately 10 nm~0.01
mm!, was used to profile the surfaces of filters~Fig. 2~a!!. Three
random locations on each MEMS filter were profiled. Since
hole geometry was not uniformly circular, the diameters we
measured in both horizontal and vertical directions. A total of
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holes were sampled using the WYKO system, from which
probability density functions of the hole diameter and the me
diameters were obtained. Figure 2~b! shows the probability den
sity function of MEMS Filter I. The sidewall geometry of th
SEM picture was also profiled, modeled, and incorporated in
three-dimensional Navier-Stokes numerical simulation~see Fig.
1~c!!. The measured dimensions of two MEMS filters tested
this experiment are shown in Table 1.

Fig. 1 Fabricated MEMS Filters with circular holes and thick-
ness of 3 mm: „a… photographs of the MEMS Filter „b… geometric
factors in the MEMS Filter „not to scale … „c… side-wall profiles
and SEM pictures of the filtering hole

Table 1 Two MEMS filters „uncertainty in DÁ1% and in b
Á2.8%…

Name

Hole
Diameter
(D, mm!

Opening
Factor
~b, %!

Filter
Thickness
(t, mm!

MEMS Filter I
front side/back side

6.3/6.0 11.2/10.1 3.0

MEMS Filter II
front side/back side

7.4/7.2 15.3/14.5 3.0
1054 Õ Vol. 124, DECEMBER 2002
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Experimental Apparatus
A water channel was designed to measure the pressure d

through the MEMS filters. The water channel was built with
inlet, a settling chamber with sponge and wire mesh, a contrac
chamber, and a test channel in which the MEMS filters were
sitioned. The test channel spanned 16 cm with a cross-section
of 8 mm38 mm to accommodate the filtering region of th
MEMS filters. The contraction contour was derived from a fift
order polynomial equation to yield an area ratio 3:1. A press
transducer~Druck LPX 9381, range 0 to 5 psi! was used to mea-
sure the static pressure difference between upstream and d
stream of the contraction within 0.1% accuracy. By the continu
equation and Bernoulli’s principle, we derived the volumetric flo
rate,@4,9#. The calculated flow rates validated those obtained fr
the electromagnetic flow meter~EMCD flow meter, type Mag
1100!, which was installed downstream of the test channel
second pressure transducer, which was connected to two pre
taps at 10 mm upstream and 10 mm downstream from the tes
filter, measured the pressure drop through the MEMS filters.
uncertainty in both the pressure and inlet velocity measurem
was61.5%. The propagated uncertainties in other physical qu
tities, which were estimated to be within the 95% confidence le
according to Kline et al.@13# and Abernethy et al.@14#, are in-
cluded in the caption of Fig. 3.

Fig. 2 „a… Image of the MEMS filtering holes by WYKO surface
profiler and „b… probability density function of the hole size for
MEMS Filter I „see Table 1 …
Transactions of the ASME
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A constant hydrostatic pressure head was established usi
water tank 1.5 meters above the flow channel. The test fluid u
was distilled and deionized water~resistivity, .4 MV-cm). The
water was delivered to the tank using a pump~Little Giant Pump
Company, model A-430!. Purification of the unwanted micropar
ticles was established using two types of filters:~1! water was
pumped through a capsule filter~Fisher Scientific, pore size 0.45
mm! for two hours prior to experiment and~2! during data collec-
tion, water was continuously pumped through a Millipore gla
fiber filter ~Fisher Scientific, pore size 0.8mm!. The flow rate was
regulated by a ball valve~McMaster-Carr Supply CO., Nylon
miniature ball valve! located upstream from the inlet.

Results and Discussions
To verify our experimental setup, we compared the press

drop through conventional screens with Wieghardt’s empirical f
mula, @5#. Our measured pressure drop fell within the accepta
scattering range observed by Wieghardt~not shown!. To compare
the pressure drops through the MEMS filters, a formula was
tablished using the three-dimensional numerical simulations
laminar water flow at low Reynolds number:

K5
DP

~1/2!rUin
2 5b22F3.1

t

D
13GF10.7

vb

UinD
10.22G , (1)

for 5%,b,45%, 0.08,t/D,0.65 and 1,UinD/bn,100,
whereK denotes the pressure drop coefficient,DP the pressure
drop through the filters, andr the density of the fluid.

Each individual MEMS filter contained approximately half
million holes of varying sizes. The combination of complex ho
geometry and a large number of holes made direct simulation
the entire flow field computationally challenging. Alternativel
we modeled and simulated the averaged geometry of hexag
domain with a single hole out of the filters. This approach mig
have been inaccurate. The variation in the diameters of individ
holes could have nonlinearly affected the pressure drop accor
to Eq. ~1!. Nevertheless, we confirmed that this effect was neg
gible ~less than 2%! by estimating the nonlinear effect of the ho
size distribution on the pressure drop using the probability den
functions of the hole diameter and Eq.~1!. The sidewall profiles,
which also influenced the accuracy of the pressure drop pre
tion, was taken into account in the three dimensional Nav
Stokes numerical simulation. For details in numerical simulatio
please refer to Yang et al.@9#.

Fig. 3 The measured pressure drop of MEMS filters in com-
parison with nondimensionalized numerical formula „Eq. „1…….
„Uncertainty in K b2Õ„3.5t ÕD¿3…Á6.6% and in Re DÁ3.3%….
Journal of Fluids Engineering
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The three-dimensional simulation demonstrated that the p
sure drop coefficient varied inversely with the opening factor~b!
to the second power and proportionally with the Reynolds num
to the first power. As shown in Fig. 3, the numerical simulation
MEMS filter I overestimated the pressure drop at ReD,2, but
underestimated at ReD.5. For the MEMS filter II, the numerica
simulation overestimated in the entire testing range of ReD . The
scattering of the pressure drop may be mainly related to the
sitivity of the numerical simulation to the hole diameter,D. De-
spite the installation of two purification filters, impurities cou
remain from the sponge and wire mesh used to regulate fl
upstream. Moreover, the polymer, Parylene C, used to coat
surface of MEMS filters, is known to absorb water over prolong
period of immersion in water.

Nevertheless, the experimental data reasonably agreed with
conventional Navier-Stokes three-dimensional numerical sim
tion with a maximum of 40% deviation in the range of 2,ReD
,20, suggesting that the Navier-Stokes equations in this rang
Reynolds number could be applied to model the fluid flow at
micron scale. The characteristic flow scale~the hole size of
MEMS filter! was larger than the molecular length scale char
terizing the structure of the fluid. Thus, the surface force effe
which might have been dominant in the micron scale, seemed
critical.

Conclusions
Pressure drops across two MEMS filters with hole sizes o

mm and 7.2mm, opening factors of 10.1% and 14.5%, and Re
nolds numbers from 20 down to 0.7 were measured and comp
with three-dimensional numerical simulation. Geometric fact
including precise ratio of hole diameter to filter thickness, sid
wall profile, opening factors, and Reynolds number, were ta
into account for accurate prediction of the pressure drop. By
corporating the three-dimensional numerical simulation with
curate geometrical data, we were able to reasonably predict
pressure drop through the MEMS filters.
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