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Abstract In this work, we measured 14 horizontal
velocity profiles along the vertical direction of a rectan-
gular microchannel with aspect ratio o = h/w = 0.35 (h is
the height of the channel and w is the width of the channel)
using microPIV at Re = 1.8 and 3.6. The experimental
velocity profiles are compared with the full 3D theoretical
solution, and also with a Poiseuille parabolic profile. It is
shown that the experimental velocity profiles in the hori-
zontal and vertical planes are in agreement with the
theoretical profiles, except for the planes close to the wall.
The discrepancies between the experimental data and 3D
theoretical results in the center vertical plane are less than
3.6%. But the deviations between experimental data and
Poiseuille’s results approaches 5%. It indicates that 2D
Poiseuille profile is no longer a perfect theoretical
approximation since o = (0.35. The experiments also reveal
that, very near the hydrophilic wall (z = 0.5-1 pm), the
measured velocities are significantly larger than the theo-
retical velocity based on the no-slip assumption. A proper
discussion on some physical effects influencing the near
wall velocity measurement is given.

1 Introduction

The cross-sections of microchannels in microfluidic chips
are often rectangular, and clearly a detailed understanding
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of velocity profiles is important for chip design and capa-
bility analysis.

There are plenty of studies about velocity profiles in
macro-scale flows. Boussinesq (1868), and then White
(1974) presented the exact solution of the velocity profile
in a rectangular channel by solving the Navier—Stokes
(N-S) equations with the no-slip boundary condition at the
wall. Patel and Head (1969) gave the distributions of the
maximum velocities in different horizontal planes in rect-
angular channels, at different Re numbers. Schlichting
(1979) summarized the results of Nikuradse’s experiments,
and presented a series of iso-velocity curves in a rectan-
gular pipe.

For micro-scale flows, velocity profiles of transition flow
in rectangular channels (Re = 200-2,000) were studied
systematically (Li and Olsen 2006). But for low Re, there
are few studies of full-field velocity profiles. Several studies
have given the velocity profile in a certain plane or part of
the channel. For instance, Tretheway and Meinhart (2002)
used a microPIV system to measure the velocity profiles at
z" =0.5 (" = z/h, with the coordinates as shown in
Fig. 1) in a rectangular microchannel (the height
h =30 pm, the width w =300 pm, o = h/w =0.1), to
study the slip at the hydrophobic/hydrophilic side wall.
Devasenathipathy et al. (2003) also measured the velocity
profile at the central plane z* = 0.5 upon glass substrate in
a rectangular microchannel (4 = 107 pm, w = 100 pm,
o = 1.07) fabricated out of a single-crystal silicon wafer.
The measured velocities are consistent with the expected
theoretical values. Joseph and Tabeling (2005) studied the
slip on the walls of a poly-dimethylsiloxane (PDMS) rect-
angular microchannel on a glass substrate (h = 10 pm,
w = 100 pm, o = 0.1). They used a parabolic profile to fit
the experimental data measured in the central vertical plane
(x-0-z plane). Ou and Rothstein (2005) measured the
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velocities in several rectangular microchannels with
h = 76-254 pm and fixed o« = 0.05. The super-hydrophobic
substrate wall of the channels consisted of micro-ridges, and
large velocity increases near this wall were observed. In
these references mentioned above, the aspect ratios of the
microchannels are o < 0.1 or « ~ 1.0. But for flow in
microchannels, the measurement of the velocity profiles in
the whole flow field with moderate aspect ratio is lacking.
Generally, the theoretical velocity profile of flows through a
channel of rectangular cross-section is given by a series
solution of the N-S equation, and Poiseuille parabolic
profile is used as an approximate profile in rectangular
cross-section with small aspect ratio, i.e. « < 0.1. Stone
et al. (2004) suggested that the difference between theo-
retical velocity profile and 2D Poiseuille profile is larger
than 10% for a rectangular channel with « = 0.7. So it is
worthwhile measuring the detailed velocity profile in a
rectangular microchannel with moderate aspect ratio o.
Using the coordinates as shown in Fig. 1, the theoretical
velocity solution of the N-S equation with a no-slip
boundary condition is expressed as (e.g. White 1974):
) y
4h3 Ap Z L { cosh(nnh)} sin (mri)
mul | 4= n cosh(nm3y) h
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The flow rate can be obtained by integrating Eq. 1:
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where L, w and h are the length, width and height of the
channel, respectively, Ap is the driven pressure drop, p is the
viscosity of liquid, Qp is the flow rate calculated from the
formula of 2D Poiseuille flow. It is shown clearly that «, and
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Fig. 1 Schematic diagram of the rectangular microchannel and the
coordinate system, the width of the channel is w (y direction), the
height of the channel is & (z direction)
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Q are smaller than those obtained from Poiseuille model,
due to the terms with minus sign in the series in Eqs. 1 and 2.
When n = 5 is chosen as the cut off value in Eq. 1, the error
of the high order terms is approximately 0.43%. The dis-
crepancy between the theoretical value and Poiseuille’s
value will increase with the increase of the aspect ratio. For a
rectangular channel with o = 0.35, the discrepancy of mean
velocity can approach 5% whenn < 5.

In this paper, we will study the detailed velocity profiles
in a rectangular microchannel (2 = 19.1 pm, w = 54 pm,
o = 0.35) using microPIV system, from z* = 0.026 to 0.94.
Section 2 will describe the microPIV system and the mea-
suring method. In Sect. 3 the experimental velocity profiles
will be presented and compared with theoretical profile and
Poiseuille profile. Then a proper discussion is given to
analyze the velocity measurement very near wall in Sect. 4.
The conclusions of the paper will be given at the end.

2 Experimental apparatus and methods
2.1 Experimental apparatus

The flow field measurement is carried out by a microflow
measuring system of the LNM, Institute of Mechanics,
CAS. It includes a microPIV system and a pressure driven
flow system. The microPIV system (Fig. 2) is mainly
composed of a double pulsed Nd:YAG laser (New Wave
120XT, 532 nm), a fluorescent inverted microscope
(Olympus IX71), an EMCCD (Andor DV885), a nano-scale
vertical adjustment instrument with a piezo-transducer
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Fig. 2 Schematic diagram of experimental set-up
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(Physik Instrument LVPZT E665) and a synchronization
controller (Lifangtiandi micropulse 710). The flow is pres-
sure driven in conjunction with a high pressure nitrogen gas

tank, a pressure transducer and a temperature transducer
(Silber-Li et al. 2004).

2.2 Specifications of microPIV

1. Laser: the double pulsed Nd:YAG laser operates at
532 nm, it can emit two pulses with an adjustable time
interval Ar = 100 ns—1 s controlled by a synchroniza-
tion controller, at a frequency from 1 to 15 Hz. The
power of the pulsed laser used in the experiments was
10-15 mJ.

2. Objective: a 100x oil immersed objective is chosen,
with the numerical aperture NA = 1.35. The refractive
index n, of the objective oil is 1.516. The optical
resolution can be evaluated as 6 &~ 0.28 pm according
to the formula of the optical resolution limit. The
working distance WD of the objective is approxi-
mately 100 um. WD is defined as the distance between
the objective front lens and the focus plane.

3. Fluorescent particles: the fluorescent polystyrene par-
ticles (Duke Scientific Corporation) are used as tracers
in the experiments. The mean diameter d;, of the
particles is 200 nm, and the density is approximately
1.05 g/em®, close to that of water. The volume
concentration of the fluorescent particles was diluted
to approximately 0.01% in the experiment. The
fluorescent particle diameters of diffractive-limited
point-spread function dg and the effective particle
diameter d, can be calculated as (Meinhart et al. 1999):

A
dy = 1.22M —
) NA (3)

de = \/M2d2 + d? (4)

where M is the magnification of the objective, 1 is the wave
length of the emission light, and the NA is the numerical
aperture. In our experiments, M = 100, 4 ~ 610 nm,
NA = 1.35, as a result, d; = 55.1 ym and d. = 58.6 pum.
When the magnification M = 100, the effective diameter of
the particle spot is d./M = 586 nm.

The influence of Brownian motion must be considered for
submicron particles. A first order estimation of error due to
Brownian motion &g is given by Santiago et al. (1998) is
expressed as:

1 2D
&g =—1\—+— 5
s=\ 3 (5)

u

Here, u is the characteristic velocity, At is the time interval
between the two pulses of laser and D the diffusion
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Table 1 Errors due to Brownian motion
Position u D At Error
(um) (m/s) (m%s) (Bs)  es (%)
Exp. IRe =18 z=05 0006 2.04 x 1072 1,000 1
z=8-10 0.052 229 x 107> 30 0.75
Exp.2Re =36 z=05 0012 204 x 1072 700 0.64

z=28-10 0.105 229 x 107'2 20 0.46

coefficient. The values of the diffusion coefficient are
calculated with the method given by Lauga and Squires
(2005). Based on different values of u and At, the errors eg
due to Brownian motion are calculated in Table 1. The
results show that the Brownian motion error is less than
1%, and will thus be neglected.

4. CCD: a 1,004 x 1,002 pixels 14 bit EMCCD is used
to capture images, with 35 MHz read out frequency.
Its gain can be adjusted to improve signal-noise ratio.
When the EMCCD works at a temperature below
—70°C, the dark current is only 0.007¢/(pix-s), and the
quantum efficiency is 70%. The pixel size is
8 x 8 um. With the fluorescent microscope, a digital
image resolution of 80 nm can be reached under 1 x 1
binning model. During the experiment, the emission of
two sequential laser pulses is controlled by the
synchronization controller with the time interval Az
ranging from 20 ps (measurement position is at central
area of the channel) to 1.0 ms (measurement position
is near wall).

2.3 Fabrication of the rectangular microchannel

The rectangular microchannels in the experiments were
fabricated using hydrophobic PDMS using MEMS classi-
cal soft-lithography technique. The channels then were
bonded on the glass substrates using oxygenic ion sput-
tering. The contact angle (CA) on the glass substrate is
20-30°, and that on the PDMS wall is 95°. The geometric
sizes of two microchannels used in experiments are shown
in Table 2 with their measured accuracies. The image of
the cross-section (Fig. 3) shows that the walls of the
channel are perpendicular to each other, and the walls are

Table 2 The geometric sizes of the microchannels

Microchannel ~ Width w Height h Aspect  Length L
(pum) (um) ratio o« (mm)

1 540+ 0.1 19.1£01 035 27.90 £ 0.02

2 540+ 0.1 19.1£01 035 26.62 £+ 0.02
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Fig. 3 A photograph of the cross-section of the rectangular
microchannel

smooth. The distance from the measurement position to the
inlet of the channel is approximately lcm, which is sig-
nificantly larger than the inlet length, so the influence of
inlet effect can be neglected.

2.4 Determination of the wall position

The experiment began from the position of the glass sub-
strate, which was set as z =0 pm. The objective focal
plane was adjusted by a piezo-transducer. The vertical
adjustment range is from 0 to 100 pm with an accuracy of
10 nm. The fluorescent particles adsorbed to the substrate
are used to determine the wall position: the intensity of the
particle recorded by the CCD varies as the location of the
focal plane is changed. According to the functional relation
(Lorentzian distribution) between the intensity of the par-
ticle spot and the distance from the particle to the focal
plane given by Olsen and Adrian (2000), the wall position
can be determined from the intensity change of the
adsorbed particles. We observed several adsorbed particles,
and measured their intensity distributions along vertical
direction z (Fig. 4). When these particles reached their
maximum intensity, the particle centers are just at the focal
plane. So the real wall position should be the focal plane
minus one particle radius (=100 nm). This method of
determining the wall position is accurate to within 50 nm.

2.5 Experimental procedures
During the experiment, the flow in the rectangular micro-

channel was driven by nitrogen gas (Fig. 2), the driving
pressure ranging from 10 to 50 kPa was read out by a
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Fig. 4 The distribution of the intensity of particles adsorbed to the
wall

pressure transducer, whose accuracy was 0.3%. The pipes
were connected to the inlet and the outlet of the micro-
channel, the height difference of the fluorescent liquid
columns in pipes between the two ends was also consid-
ered. The environment temperature was approximately
25°C during the experiment, and the accuracy of the tem-
perature transducer was 0.1°C. The experiment was carried
out when the flow field was stable, and one group of images
were captured at each 0.5 um distance (z* ~ 0.026) along
z direction near the wall, and at each 1-2 pm distance
(z* ~ 0.05-0.1) in the other part of the channel. A group
of images at each vertical position included 50-200 frames.
The position of focal plane at each vertical position was
adjusted by the piezo-transducer.

2.6 Image processing

The image captured by an Andor 885 EMCCD is
1,004 x 1,002 pixels, corresponding to an approximately
80 x 80 um visual field. The first step of image processing
was to filter or reduce the noise and intensify the image of
the particle spots. A Digital filter proposed by Gui et al.
(2002) was used to reduce the high frequency random noise.
Additionally, a threshold gray-scale value was chosen to
filter out the out-of-plane particles. An image after the pre-
processing is shown in Fig. 5. The EMCCD does not have
the double-exposure function, we have to capture two spots
of the same fluorescent particle exited by the double laser
pulses in one image during every exposure time Af,.
Therefore, auto-correlation is used to calculate the particle
displacements and hence velocities. The interrogation area
was 128 x 16 pixels with 50% overlapping in the near wall
region, and 64 x 16 pixels without overlapping in other
positions. So all the calculated results had a 64 pixels step
in x direction. The corresponding spatial resolution of the
velocity field in x—y plane was 5.12 x 1.28 um. This meant
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Fig. 5 One image of the series recorded by microPIV after pre-
processing

42 velocity vectors could be obtained along the width
direction y and seven columns in the streamwise x direction
(Fig. 6). The concentration of the particles was low, so the
velocity vectors in Fig. 6 were calculated from the ensem-
ble average of 50-200 successive frames (200 frames in
near wall region, 50-100 frames in other region). The
velocity profile in this horizontal plane was then averaged

from the seven columns. The standard deviation o, defined

as o, = \/% Z;:l [(“expﬂ)m - uexp,nf7 is used to indicate
the precision of the experimental data from this average.
Here, the subscript m (m = 1-7) represents the number of
velocity vector columns in Fig. 6, n (n = 1-42) represent

the number of velocity vectors in each column, (uexpﬁn)m is
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Fig. 6 The measured velocity vectors of the flow field in x—y plane

the measured velocity at the nth point of the mth column,
Uexp,n 18 the average velocity at the nth point calculated from
the seven columns. The standard deviations over the seven-
columns ensemble average were 2-3% (those in the area
near the wall were 3—10%).

3 Experimental velocity profiles in rectangular
microchannels

3.1 Theoretical velocity profile

A solution from no-slip N-S equation for a 3D geometric
rectangular microchannel is used to describe the velocity
profile (Eq. 1). An approximate theoretical expression is
obtained when n < 5. The accuracy of Ap is 0.6%. The
measurement accuracy of geometric sizes of the micro-
channel is given in Table 2. The error in the viscosity u
caused by the error in temperature measurement is 0.4%.
So the uncertainty of the theoretical velocity calculated
from the fifth order approximation of the theoretical
equation Eq. 1 can be estimated to be approximately 1.3%,
and the uncertainty of the theoretical flow rate calculated
from Eq. 2 is approximately 1.7%. Furthermore, for the
velocity in x—o—z plane, a 2D Poiseuille parabolic profile is
also used to compare with the experimental results.

3.2 Experimental results
3.2.1 Velocity profiles in x—y horizontal plane

The experimental velocity profiles in 14 different x—y
planes at Re = 1.8. Here, experimental data in 12 planes
are shown in Fig. 7, and compared with the theoretical
results. The relative deviation of the velocity value
between the experimental data and the theoretical value for

(uexp.n 7ulheu.u)

Utheo,n

one point is defined as ¢, = . To illustrate the

discrepancy in a horizontal plane, the average relative

P — 1 & (Mex .n_u!heon)
deviation defined as &= Zjl R
clarity, the error bars for each data point based on the
standard deviations ¢ are only marked in Fig. 7a.

In the near wall region (Fig. 7a, b), the experimental
velocity profiles in the middle are relatively flat, which is
the characteristic of velocity profiles in 3D flows through a
channel of rectangular cross-section. The trends of exper-
imental data are consistent with the theoretical profiles, but
obviously, the experimental values are larger. At the
positions of z=0.5, 1.0, 1.5 and 2.0 um (z* = 0.026—
0.105), the average relative deviations ¢ are 10.2, 9.9, 3.8
and 2.3%, respectively, and at the center of each x—y

is used. For

Utheo,n
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position (y = 0), the relative deviations ¢ are 17.4, 18.0,
6.0 and 3.8%, respectively. It is obvious that the relative
deviations ¢ are beyond the range of the error bars in
Fig. 7a.

At the position of z=3-6 um (z* = 0.157-0.314,
Fig. 7c, d), the difference between the experimental data
and the theoretical values becomes very small. The average
relative deviations ¢ are only 0.8-2.2%, and the relative
deviations ¢ in the center (y = 0) of each x—y plane vary
from 1.4 to 3.6%.

In the middle of the channel (z = 8-12 um, z* = 0.421-
0.632, Fig. 7d, e), the experimental values are nearly the
same as the theoretical ones, with the average relative
deviations ¢ being only 0.2 to —1.0%, and the relative
deviations ¢ in the center of each plane (y = 0) varying
from —0.7 to —3.6%.

However, at the positions of z=14-16 pm
(z" = 0.737-0.842, Fig. 7f), the experimental velocities
become larger than theoretical velocities again, and the
average relative deviations ¢ vary from 2.4 to 5.1%, and the
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width (um)

relative deviations ¢ in the center of each plane (y = 0)
vary from 3.1 to 8.5%.

The above experimental results in the horizontal planes
show that, the measured velocities were consistent within
the experimental error with theoretical velocity when
7" > 0.05, but large deviations were observed near wall
(z" < 0.05). The experiments were carried out in another
rectangular microchannel at Re = 3.6 and the same trend
was observed.

3.2.2 Velocity profile in x—o0—z vertical plane

Considering the geometric symmetry of the rectangular
microchannel, we only analyze one velocity profile at the
central vertical plane (at y = 0, from z = 0 to 18 pm). The
measured velocity data in the center (y = 0) of each hor-
izontal plane are used here (Fig. 8). The error bars in Fig. 8
indicate the standard deviations ¢ at y = 0 position. It is
shown that the experimental values at the center of the
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Fig. 8 Velocity profiles in vertical x—0—z plane, the solid lines in the
figure are the theoretical velocity profiles, the dashed lines are
Poiseuille velocity profile, and the cross symbols are the experimental
data

x—0—z plane (z* = 0.5) are slightly smaller than the theo-
retical values, and the value from a Poiseuille profile are
even larger than the theoretical values. The relative devi-
ations ¢ between experimental data and theoretical results
at the points located in the lower half part of the x—o—z
plane are shown in Table 3.

Table 3 shows that the experimental velocities in the
center of the channel are consistent with the theoretical
results. At z" = 0.419-0.627, the deviations between
experimental data and theoretical values are below 3.6%.
However, between the experimental data and the values
calculated from the 2D Poiseuille solution, the discrep-
ancies reach 5%, which implies that 2D profile is no
longer a perfect theoretical approximation since
o = 0.35. In the near wall region (z* < 0.052), it is
remarkable that the experimental velocities are larger
than the theoretical velocities, we will discuss this phe-
nomena in Sect. 4.

We also noted the asymmetry of the experimental date
in x—o—z plane (Fig. 8). The measured velocities at the
upper position (z = 14-18 um, z* = 0.73-0.94) are
slightly larger than that at the symmetric lower position.
Although the rectangular microchannels are geometrically
symmetric, the material properties of the upper wall and
the substrate are different. The upper wall is made of
hydrophobic PDMS, while the glass substrate at the bottom
is hydrophilic. This may be the reason resulting in rela-
tively larger experimental velocities at upper position
(Degré et al. 2006). Another reason may relate to the
limitation of working distance of oil immersed objective of
the inverted microscope and the effect of the oil film. A
100x/1.35 oil immersed objective was used in the exper-
iments, and the working distance is only 100 pm. When the
focus plane is adjusted toward the upper channel, the
change of the oil film thickness may affect the measure-
ment position.

The above experimental results show that the velocity
profiles at horizontal x—y planes and vertical x—o—z plane
are consistent with the theoretical profiles, except in the
near wall region (z* < 0.05). The comparison results in
x—o—z plane indicate that the 2D Poiseuille profile is no
longer a perfect theoretical approximation since o = 0.35.

4 Discussions

The substrate of the microchannel is hydrophilic glass with
CA = 20-30°, so the slip on the substrate can be neglected

Table 3 The relative deviations between experimental data and theoretical values in the vertical x—0—z plane (Re = 1.8)

Position 0.5 um 1 pm 2 um 4 pm 6 um 8 um 10 pm 12 pm
7" =0.026 z"=0.052 75 =0.104 Z" =0.209 7" =0314 7" = 0419 7" =0.523 77 =0.627
(%) (%) (%) (%) (%) (%) (%) (%)

&t +17.4 +18.0 +3.8 +3.0 +2.1 —1.6 —24 -3.6

e._p° +14.5 +9.8 —-1.0 +0.7 —0.6 —4.0 —4.8 —5.0

4 ¢._r: relative deviation with respect to theoretical profile

® ¢,_p: relative deviation with respect to Poiseuille profile
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here (Cottin-Bizonne et al. 2005; Honig and Ducker 2007).
But in the experiment, the measured velocities near wall
are obviously larger than no-slip theoretical results. This
phenomenon is similar as the “near wall measurement
effect” called by Devasenathipathy et al. (2003). They
observed that in a rectangular microchannel (¢ = 1.07), the
experimental values near the wall were 6% larger than
those predicted by 3D theory. Some physical effects which
may influence the near wall velocity measurement will be
considered:

1. The near wall hydrodynamic resistance. Considering
the hindered motion of a sphere particle close to wall,
Goldman et al. (1967) discussed the relation between
the velocity of particle u, and the velocity of fluid u; in
a shear flow as:

up | 51\’ 6
w16 () ©
where r is the radius of the particle, z is the distance from
the center of the particle to the wall. Based on Eq. 6, if
1z =02, so uyur ~ 0.9975. It means that the particle
velocity is smaller than the local fluid velocity. However,
in our experiments, the measured velocities are larger than
the theoretical velocities.

2. Wall slip. Many previous studies attributed the larger
measured velocity near wall to slip directly (reviewed
by Neto et al. 2005; Lauga et al. 2007). According to
Navier’s (1823) slip model, the slip velocity ug;, can
be expressed as:

ou
Uslip = ba_y |wan = by (7)

where b is the slip length, y is the shear rate at the wall.

If we consider the difference between the experimental

velocity and the theoretical velocity at z = 0.5 um

position to be the slip velocity, i.e. Ugip = Uexp — Uheos
based on Figs. 7a and 8a, the ug;, can be evaluated as
approximately 0.5 mm/s and the shear rate y is approxi-
mately 10% s™'. As a result, slip length » ~ 50 nm. But
hydrophilic walls were used in the experiments, and
there should be no slip on hydrophilic walls (Cottin-

Bizonne et al. 2005, Honig and Ducker 2007). It is

surprising to obtain a relatively large slip length on this

wall.

3. Electrophoretic motion of the particles due to stream-
ing potential. Lauga (2004) proposed that one kind of
“apparent slip” is in fact the electrophoretic motion of
the particles due to streaming potential. Under the
assumption that surface potential is low and the
thickness of the electric double layer is thin, i.e.
ely, << kgT, k! << h, the electrophoretic velocity ug
of particles can be expressed as:

@ Springer

2.2 w 2 —{y d
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where ¢, is the permittivity of vacuum, ¢, is the relative
permittivity, dp/dx is the pressure gradient, p is the vis-
cosity of the fluid, o, is the ionic conductivity, e is
electronic charge, {,, and {, are the zeta potential on the
wall and on the particle surface, respectively. It is hard to
measure the wall zeta potential accurately, so we use

accepted values (Joseph and Tabeling 2005; Lauga 2004;

Lumma et al. 2003) to evaluate ug. The calculation result is

ug = 0.1 mm/s, and the slip length b ~ 10 nm. Obvi-

ously, it is not sufficient to attribute the large apparent slip
near wall merely to the electrophoretic motion of the
particles.

4. Wall depletion layer. Due to the electrostatic repulsion
or the strong shear flow near wall, particles may move
away from wall and a depletion layer appears. Lumma
et al. (2003) suggested that the thickness of the
depletion layer due to interaction between particles
and wall was 0.9 pym for pure water. Hartman Kok
et al. (2004) observed a submicron thickness wall
depletion layer for submicron particles, and suggested
the thickness of the depletion layer depended on the
Peclet number. But Huang et al. (2006) suggested that
the thickness is smaller than 100 nm. In our experi-
ments, although we could not measure the thickness of
the depletion layer, we observed the concentration of
the particles increased when the measurement position
moved from z = 0.5 to 1 um. Considering the Debye
length in pure water is approximately 300 nm, it is
reasonable that a submicron depletion layer exists due
to electrostatic repulsion. The particles may be
repulsed a very short distance away from the wall,
and therefore have larger velocities. However, more
experimental studies are needed to verify the effects of
the depletion layer.

As discussed above, there are some important physical
effects which may affect the measured velocities at the
bottom wall of the channel. Velocity measurements using
tracer particles near a wall should be very carefully
analyzed. In our case, the wall depletion layer due to
electrostatic repulsion may be the main effect lead to the
relatively large measured velocity near wall.

5 Conclusions

With the microPIV system and the pressure driven appa-
ratus, we measured the velocity profiles in 14 horizontal
planes along z direction of rectangular microchannels with
o =0.35 at Re = 1.8 and 3.6. The experimental data of
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velocities in x—y and x—o—z planes are compared with the
theoretical values of the fifth order approximation and the
Poiseuille’s values, respectively. The results show that:

1. For a rectangular microchannel with moderate aspect
ratio (a = 0.35), the measured velocity profiles in
horizontal x—y and vertical x—o—z planes are in
agreement with theoretical profiles. The relative devi-
ations & between experimental data and theoretical
values in each horizontal x—y plane are less than 3.6%,
except for the planes close to wall at z* < 0.05
(z < 1 pm). The horizontal velocity profiles also show
3D behaviors.

2. The deviation of the vertical velocity profile in the x—0—z
plane between the experiments and Poiseuille formula
reaches to 5%. It implies that Poiseuille profile is
suitable as a theoretical approximation only when the
aspect ratio oo < 0.35 for a rectangular microchannel.

3. The values of measured velocities are relatively large
at z¥ < 0.05 (z < 1 pm) on a hydrophilic wall. Some
physical effects may influence the near wall measure-
ment when tracer particles are used, including the
electrophoretic motion of particles due to streaming
potential, the near wall depletion layer and so on.
Based on the discussion above, the depletion layer due
to electrostatic repulsion is suggested as the main
effect. It is worthwhile to make further study of this
phenomenon.
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