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Micro-PIV system with a high speed CCD camera is used to measure the flow field near the
advancing meniscus of a water slug in microchannels. Image shifting technique combined with

" meniscus detecting technique is proposed to measure the relative velocity of the liquid near the

meniscus in a moving reference frame. The proposed method is applied to an advanecing front
of a slug in microchannels with rectangular cross section. In the case of hydrophilic channel,
strong flow from the center to the side wall along the meniscus occurs, while in the case of the
hydrophobic channel, the fluid flows in the opposite direction. Further, the velocity near the side
wall is higher than the center region velocity, exhibiting the characteristics of a strong shear-
driven flow. This phenomenon is explained to be due to the existence of small gaps between the
slug and the channel wall at each capillary corner so that the gas flows through the gaps
inducing high shear on the slug surface. Simulation of the shape of a static droplet inside a cubic
cell obtained by using the Surface Evolver program is supportive of the existence of the gap at
the rectangular capillary corners. The flow fields in the circular capillary, in which no such gap
exists, are also measured. The results show that a similar flow pattern to that of the hydrophilic
rectangular capillary (i.e., center-to-wall flow) is always exhibited regardless of the wettability
of the channel wall, which is also indicative of the validity of the above-mentioned assertion.
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1. Introduction

Over the past several years, as the understand-
ing of microfluidics becomes more and more im-
portant in the design of microdevices, such as
biochip, flow cytometer, capillary pumped loop
(CPL), etc., a considerable number of theoretical
and experimental studies have been performed
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on the capillary phenomena (Park et al., 2001 ;
Hohmann and Stephan, 2002 ; Park et al., 2003 ;
Buffone et al., 2004 ; Buffone and Sefiane, 2004a,
2004b) .

Advance in the micro scale velocity measure-
ment techniques, represented by micro-PIV, en-
ables us to have a closer view of the micro scale
flow. In particular, the flow near the meniscus is
also one of the most important research topics
regarding micro-scale heat transfer. Park et al.
(2001) applied the MTFV (Molecular Tagging
Fluorescence Velocimetry) to visualization of the
three-dimensional flow occurring inside a heat-
ed capillary pore of 5-mm inner diameter with
5° inclination angle. The results show that the
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thermocapillary stress plays an important role
in the flow near the meniscus. Park et al.(2003)
obtained optically-sectioned flow field mapping
for the regions near an advancing bubble front,
inside square microchannels using high-speed
CLSM (Confocal Laser Scanning Microscopy)
which suppresses all out-of-focus structures at
image formation, thus eliminating the error caus-
ed by out-of-focus particle images in micro-
PIV. The flow induced by naturally evaporating
ethanol inside the glass capillary is also observed
by Buffone et al. (2004).

However, the discrepancies between the known
equations of capillary dynamics and the experi-
mental results are still being reported. One reason
of these discrepancies is thought to be the com-
plexity of the actual flow near the meniscus in the
capillary (Zhmud et al., 2000). Laminar flows in
a pipe or a channel are usually characterized by a
parabolic velocity profile, which for a capillary
flow would hold far from the meniscus. How-
ever, it is obvious that the velocity profile is not
parabolic near the meniscus. In particular, the
flow pattern near the meniscus is expected to vary
depending on the surface wettability, i.e., hydro-
philicity or hydrophobicity because the shape of
the meniscus also varies with it. The main objec-
tive of this study is to understand the fluid mo-
tion near the meniscus of a pressure-driven water
slug advancing in microchannels with the rectan-
gular and circular cross sections subject to hy-
drophilic and hydrophobic surface conditions,
where micro-PIV technique is adopted to observe
the flow structure and to obtain the velocity field
near the meniscus. Because the pressure-driven
water slug moves very fast, we apply time-re-
solved PIV setup (Sung and Yoo, 2001) which
uses a high speed CCD camera. The problems
arising from moving meniscus are overcome by
fixing the meniscus position in the image using
meniscus detection and image shifting technique.

2. Experimental Setup

A micro-PIV system, illustrated in Fig. 1, is
assembled to measure instantaneous and time-
averaged velocity field near the meniscus of a

pressure-driven water slug in microchannels. Un-
like the usual micro-PIV system, a mercury lamp
combined with green filter cube (Olympus U-
MWG?2) is used as the light source. The white
light which comes from the -mercury lamp is fil-
tered so that only the green light passes through
the bandpass filter. This green light is then ref-
lected at the dichroic mirror mounted on the filter
cube. The main problem with using a continuous
light source, such as the mercury lamp, is that a
particle is captured as a streak image not as a dot
image. This problem depends on the flow velocity
and camera exposure time. That is, the streak be-
comes longer as the velocity becomes higher and
as the exposure time becomes longer. This can be
successfully overcome by controlling the exposure
time of the high speed CCD camera. Used high
speed CCD camera (NAC Inc. PCI2000s) allows
us to regulate the exposure time to be short enough
so that it does not make any streak images. The
maximum frame rate of this camera is 250 frames
per second with maximum resolution of 480X420
pixels. Another important reason that we use a
high speed CCD camera and continuous light
source is because the meniscus moves very fast.
Under our experimental condition, the meniscus
escapes the field of view within a few seconds.
Therefore, to get as much data as possible, it is
more desirable to use a high speed camera and a
continuous light source.

Fluorescent polystyrene microspheres of 1-xm
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Fig. 1 A schematic of the experimental setup
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or 0.5-pm in diameter, suspended in DI water, are
used as seed particles. These fluorescent particles
absorb green light (Amex=>542 nm) and emit red
light (Aemax=612 nm). Olympus UPlanFl NA
0.3 10X objective lens mounted on an Olympus
IX50 inverted epi—ﬂuorescencé microscope is used
to take the fluorescent particle image. The emitted
light by the fluorescent particle passes through the
objective lens, the dichroic mirror and the barrier
filter.

Glass capillaries with rectangular and circular
cross sections {VitroCom Inc.) are used as the
test microchannels. The cross section of the rec-
tangular capillary is 400 X40 zm and the diameter
of the circular capillary is 410 ym.

Since the surface of the untreated glass is
hydrophilic, the hydrophobic surface is obtained
by exposing the glass capillary to a solution of
OTS (octadecyltrichlorosilane) in hexadecane and
then drying. It is known that the contact angle
between the water and the OTS coated glass sur-
face is approximately from 108° (Silnerzan et al.,
1991) to 120° (Tretheway and Meinhart, 2002).
The slug position and its moving velocity inside
the capillary are controlled with the pressure dif-
ference between the two CO; chambers that are
connected with both ends of the capillary, by ad-
justing metering valves installed on the respective
chambers.

3. Result and Discussion

There are two different methods of measuring
the relative velocity of fluid motion inside a slug
with respect to the meniscus using PIV. The first
is to subtract the meniscus velocity from the fluid
velocity after measuring the two velocities separa-
tely. The second is to shift the correlation window
by the same distance as the moving distance of
the meniscus in the second frame image. The first
method is more convenient and simple but it
can not resolve the fluid motion very near the
meniscus. In particular, the unresolved region is
widened in the case when the meniscus moves
very fast. Therefore, the second method is adopt-
ed in the present study. To shift the correlation
window, the meniscus position should be defined

first. Figure 2 shows a sample image and the cor-
responding mean gray level. To detect the me-
niscus position, the gray level in the search band
which is shown in Fig. 2(a) is averaged over the
y-direction (lateral direction) to yield an image
intensity profile as a function of x (longitudinal
direction) (Fig. 2(b)).
mean gray level exceeds a threshold value, which
is 5 times larger than the background gray level,
is defined as the meniscus position. After this

The position where the

detection process, images are shifted to make
fixed meniscus images before the velocity calcula-
tion. In this step, bilinear interpolation method is
applied to increase the spatial resolution. To
minimize the effect of out-of-focus particles, dim

particle images are eliminated according to a
threshold gray level, which is 30% of the maxi-
mum intensity.
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Fig. 2 Meniscus-detection method : (a) Sample im-
age, (b) Mean gray level as a function of x
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The time-averaged velocity fields near the me-
niscus of an advancing slug in the rectangular
microchannel are shown in Fig. 3, where about
thirty instantaneous PIV velocity fields are en-
semble-averaged in order to obtain velocity vec-
tors relative to the meniscus are normalized by
the meniscus velocity, u#,. We assume that the
meniscus moves only by the pressure difference
between both ends of the slug, not by the evapo-
ration of water because the evaporation rate of
confined water slug in a microchannel is known
to be very small. In fact, the meniscus velocity
which is derived from the evaporation is less than
1 um/s when the slug does not move. Figures 3
(a) and 3 (b) are, respectively, the results ob-
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Fig. 3 Time-averaged velocity fields near the menis-

cus of an advancing slug in a rectangular

microchannel : (a) Hydrophilic surface, 2,=

386 um/s, (b) Hydrophobic surface, #,=227

pm/s

tained for hydrophilic and hydrophobic channels.
Only half of the flow field is shown because all
flow motions are symmetric with respect to the
channel center. The interrogation region is 16 X 16
pixels with 50% overlap, which yields a spatial
resolution of 5.1 X5.1 ym.

In the case of the hydrophilic channel, the fluid
flows down towards the wall along the meniscus
and back to the upstream (Fig. 3(a)). On the
whole, it seems that the no-slip boundary condi-
tion is satisfied because the receding fluid velocity
very near the wall is almost of the same magni-
tude as the meniscus velocity but of the opposite
direction to it. In any event, this fluid motion
near the meniscus is far from the fully-developed
parabolic velocity profile. For the hydrophobic
case, however, the fluid very near the wall flows
in the opposite direction to that for the hydro-
philic case. That is, a strong inward moving flow
from the wall to the center along the meniscus is
observed. Moreover, the near-wall velocity is
higher than the channel center region velocity.
There are many researches about slip boundary
condition in the microchannel (Tretheway and
Meinhart, 2002 ; Lauga and Stone, 2003 ; Jin et
al.,, 2004), among which there is a fairly general
agreement on the existence of the slip, particularly
for the hydrophobic surface, although there are
some variations of the amount of slip. But it is
still very unusual that the near-wall velocity is
higher than the center region velocity in the hy-
drophobic microchannel, even though we take
account of the slip boundary condition. To better
explain this anomaly, we conjecture that the
wettability of the rectangular microchannel might
work quite differently for the hydrophilic and
hydrophobic walls.

Figure 4 is an illustration of the expected me-
niscus shape of a water slug, respectively, in a
hydrophilic (Fig. 4(a)) and a hydrophobic (Fig.
4(b)) square microchannel. In the case of the
hydrophilic channel, all four corners must be
totally wetted with water. But it is likely that the
corners are not wetted in the case of the hydro-
phobic channel. Under this condition, the pres-
surized CO; gas, which is used to control the slug
position and velocity, flows through the gap bet-
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(b)

Fig. 4 [Illustration of the meniscus shapes in square
microchannels : (a) Hydrophilic surface, (b)
Hydrophobic surface

ween the slug and channel corners. This flow
induces a high shear on the surface of the slug,
generating additionally a shear-driven flow shown
in Fig. 3(b) near the wall.

The water slug shape, which is situated sta-
tically in a cubical cell of 1 mm X1 mm X1 mm
with hydrophobic inner surface, is numerically
predicted by using Surface Evolver program (Brakke,
1992) which analyzes liquid surface shape with
surface tension energy and other types of energy.
We assume that the contact angle between the
hydrophobic surface and the water is 120° and the
gravitational force is negligible. As shown in Fig.
5, all corners are not fully wetted with water even
though the gap between the liquid and the corner
is very small. Although this simulation is for the
case of a static droplet, we consider that the effect
of surface tension is significant enough to main-
tain its shape even for the case of a moving dro-
plet in the square or rectangular microchannels.

On the other hand, it is obvious that such a

Fig. 5 Static droplet shape in a cubical cell of 1
mmX1 mmX1 mm with hydrophobic inner
surface (simulation result using Surface Evolver
program)

gap does not exist in the circular microchannels.
There may be a small gap in the flow through a
circular hydrophobic channel. Several studies re-
port the existence of nanobubbles on the hydro-
phobic surface (Tyrrell and Attard, 2001). How-
ever, we think that the gap between the hydro-
phobic surface and the water is too small to
transport the gas through the gap. The velocity
fields inside the circular hydrophilic and hydro-
phobic channels of 410 ym in diameter are also
measured in the same manner as those of the rec-
tangular channels (Fig. 6(a) and 6(b)). Contrary
to the results for the rectangular channels but in
accordance with our assertion, both hydrophilic
and hydrophobic channels exhibit similar flow
patterns. That is, the fluid rotates in the same di-
rection as in the hydrophilic rectangular channel
regardless of the surface wettability. This result
may not be a complete verification of our asser-
tion that the corners are not wetted in the hy-
drophobic rectangular channel, but may serve as
a guidance for better understanding of the flow
phenomena in the rectangular or square micro-
channels.

The fact that the velocity fields shown in Fig. 3
do not satisfy the continuity condition implies
that the flow is three-dimensional. Therefore,
more detailed studies on the three-dimensional
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flow structure near the meniscus and the effects of
the surface characteristics are required. A micro-
PIV utilizing CLSM would serve as a very power-
ful tool for investigating the three-dimensional
flow structure in microchannels. Further study on
the slug shape, particularly on the existence of the
gap at the corner, is also important.

4. Conclusion

This study addresses the fluid motion near the
meniscus of an advancing slug in microchannels
with different surface characteristics. A micro-
PIV system is used, which consists of an epi-fluo-
rescence invefted microscope with a filter cube
and a 10X oil-immersion objective, and a high
speed CCD camera. To obtain the velocity field
in a moving reference frame, the meniscus posi-
tion is first detected by scanning the image pixels
whose gray level exceeds a certain threshold value
and then the particle images are shifted to consti-
tute fixed-meniscus images. By this image-shift-
ing technique, the fluid motions near the menisci
of hydrophilic and hydrophobic microchannels
can be apparently compared. The velocity field
obtained in the moving reference frame shows
that the near-wall velocity in the hydrophobic
capillary is greater than that of the center region.
We explain this phenomenon by asserting that
there exist small but non-negligible gaps between
the slug and the channel wall at the capillary
corners. This assertion is supported by the mea-
surement of the velocity field in the circular
microchannel, and by the Surface Evolver simu-
lation of a static droplet inside a cubical cell.

This result tells us an important information on
the pressure loss in microchannels under different
surface conditions. It is usually imagined that
the water slug in the hydrophobic channel is
easier to move because of the slip boundary con-
dition. However, it might not be true if there are
small gaps at the capillary corners and if we want
to move the slug by using pressure difference. We
cannot conclude that how much additional pres-
sure is needed or whether a higher pressure is
really needed to move the water slug in hydro-
phobic channels which have corners. In any event,

it is important to carefully consider the surface
condition in designing a microfluidic system.
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