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Abstract—When two immiscible liquids make contact in a microchannel, the flow pattern is affected by the affinity
between channel walls and liquids. In this study, microchannels (200 um in width and 200 um in depth) having a T-
shaped bifurcation point were fabricated on PMMA plates. The inner walls of the microchannels were modified in a
zone-selective manner to be either hydrophilic or hydrophobic, based on verification accomplished via a laser inter-
ference fringe technique. The microchannel was placed horizontally, and water and octane were introduced into the
upper-side channel (hydrophilic) and into the lower-side channel (hydrophobic), respectively. The experimental results
showed that water and octane formed a stable layered flow, and the two liquids were virtually completely separated
at the T-shaped section, even when static pressure was intentionally applied to the outlets. CFD simulation, using FLUENT
6.3 software, was performed to explain the role of zone-selective modification of microchannel walls.
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INTRODUCTION

For liquid-phase systems, the diffusion rate is an important factor
in controlling reaction rates. In microchannels, the surface area per
unit volume is large in comparison with conventional reactors, and
such characteristics provide a variety of applications in chemical
processing and analytical fields [1-7]. Since different flow patterns
are possible for liquid-liquid systems [8], the design of a micro-
channel contactor requires that the flow pattern be controlled such
that it will be suitable for a particular purpose. We investigated the
fluidic behavior for miscible liquid phases in a microchannel by
observing flow patterns, and by using computational fluid dynam-
ics (CFD) simulation [9,10].

The two-phase flows of immiscible liquids with a large interfa-
cial tension, such as in the case of water and octane, are different
from the flows of miscible liquids. In microchannels, capillary num-
ber, which describes the contribution of the interfacial tension by
comparing viscous force, is much less than unity. This suggests that
flow patterns of immiscible liquids in a microchannel are strongly
dependent on the affinity between the liquids and the inner solid
walls of the microchannel. In a material extraction system where
immiscible water/oil laminar flow is applied, two flow patterns are
possible: dispersed flow and layered flow [11]. The latter is some-
times preferable because it does not require the separation of dro-
plets. Approaches directed toward a liquid-liquid layered flow have
been reported; a notable example includes modifying microchannel
inner walls into hydrophilic and hydrophobic surfaces [12-15]. In
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some cases, however, the orientation of the two-phase liquid lay-
ered flow has been side-by-side in a horizontal microchannel. To
realize a stable layered flow of any orientation, control of the wetta-
bility of microchannel inner walls is a necessity.

In the present study, we fabricated sealed microchannels, the inner
walls of which were modified zone-selectively to be both hydro-
philic and hydrophobic. We also evaluated the hydrophilicity and
hydrophobicity of the solid surfaces by determining contact angles
from interference fringe patterns. Water and octane were then intro-
duced into the microchannel, which was placed in a horizontal po-
sition (upper-hydrophilic channel; and lower-hydrophobic channel),
and separated at a T-shaped bifurcation point, and discharged to the
outside. The effects of the zone-selective modification of channel
walls and the interfacial tension on the separation of liquids were
evaluated by CFD simulation using FLUENT 6.3 software.

EXPERIMENTS AND RESULTS

1. Fabrication of Microchannels and Zone-selective Surface
Modification

Microchannels (width=200 um, depth=100 um, straight path
length=40 mm), Fig. 1(a), were fabricated mechanically on PMMA
plates by using an NC lathe (PMT Co., Japan) and a flat-end mill
that was 200 um in diameter. The flat surface, other than the incised
microchannel, was masked, and an Au thin film was formed by sput-
tering on only the inner walls of the microchannel. Also, a hydro-
philic microchannel was prepared by coating the inner walls with a
TiO,-based coating agent (#ENS245, TOTO Co., Japan). The mi-
crochannels were then joined face to face, as shown in Fig. 1(b),
and were seal-bonded under pressure and elevated temperature in



1760 Y. Yamasaki et al.

Octane inlet Water inlet

Length of straight channel

..........

T-shaped H
separation point

(a) (b)

Fig. 1. Microchannel with a T-shaped separation point. (a) Micro-
channel pattern, (b) flow scheme in bonded microchannel.

a vacuum oven (as a result, the depth became 200 um). Fig. 2(a)
shows the dimensions of the major part of the microchannel. After
bonding, inlet and outlet tubing was connected. Then, an ethanol
solution of 1 mmol L™ 1-octadecanethiol was introduced into the
microchannel with a fluid velocity of 1 uL. min" for 12 hours. To
enhance the hydrophilicity of the TiO, layer, the microchannel was
irradiated by UV light. Using this procedure, the inner walls of one-
half of the microchannel were modified to be hydrophilic, while
those of the other half of the microchannel were hydrophobic, as
shown in Fig. 2(b). For comparison, a microchannel of the same
dimensions, as shown in Fig. 2(a), was prepared with no surface
modifications.
2. Chemicals Used and Physical Properties

Water (pure water grade, Wako Pure Chemicals, Japan) and octane
(special reagent grade, Wako Pure Chemicals, Japan) were used,
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Fig. 2. Details of microchannel. (a) Major part dimensions (numer-
als are in units of um), (b) modification model.
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Fig. 3. Equilibria of surface forces. (a) Water drop on surface placed
in air, (b) octane drop on surface placed in air, and (c) water
drop on hydrophilic surface immersed in octane.

after the solubility equilibrium was attained at 298 K. The proper-
ties of pure components were used because of the scarce mutual
solubility.

Water: density 998 kg m >, viscosity 1.03 mPa s, surface tension
0.0719 N m™, refractive index 1.33

Octane: density 720 kg m >, viscosity 0.54 mPa s, surface ten-
sion 0.0212 N m™', refractive index 1.20

The interfacial tension between water and octane was determined
by using the conventional Du Nouy’s method with a Pt ring, and
was found to be equal to the calculated difference of the two liquids.
3. Contact Angles on Modified Surfaces

The affinity between the liquids and the solid surfaces is decided
by a combination of the surface tension and the contact angle on
the surface. Figs. 3(a), (b) and (c) show the surface forces acting on
a water drop placed on a hydrophilic surface in ambient air, on an
octane drop placed on a hydrophobic surface in ambient air, and
on a water drop surrounded by octane on a hydrophilic surface, re-
spectively. The balance among the surface forces is described as

Y=Y, COSC, TV 1)
Yo=Y, cosoty, ()]
Y= Yoo COSCly o 3

If 3, is equal to 3, the contact angle of water in the case where water
and octane coexist, &,,, is calculated from Egs. (1)-(3) as follows:

,COS &, — ¥,COS X,
cosa,, = COS = 1,c05

The surface that was modified to be hydrophilic by using the TiO,
coating agent was porous, and the contact angle of octane on the
surface was smaller than that of water. Therefore, y;, is not always
equal to ¥,. This suggests that the contact angle of a liquid phase
surrounded by another liquid phase cannot be calculated from the
contact angles that have been determined on the solid surface in
ambient air.

The effect of the surface treatments on the improvement of liquid-
solid affinity was evaluated with PMMA flat plates, which were
modified by the identical procedures that were used for the micro-
channels. The combinations of liquids and solids in the present study
were as follows.

Case 1: an octane drop on a TiO,-coated surface that has been
dipped in water

Case 2: a water drop on a TiO,~coated surface that has been dipped
in octane

Case 3: an octane drop on an octadecanethiol-modified surface
that has been dipped in water

Q)
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Fig. 4. Water drop on hydrophilic surface immersed in octane.

Case 4: a water drop on an octadecanethiol-modified surface that
has been dipped in octane

The contact angles of the drops for Cases 1-4 were observed with
a side view microscope. The octane drop did not stay attached to
the TiO,-coated surface that had been dipped in water (Case 1), al-
though octane as a single phase in air showed a high affinity for the
TiO,-coated surface. The water drop on the octadecanethiol-modified
surface that had been dipped in octane (Case 4) was nearly spheri-
cal. Thus, the coexistence of water and octane played an important
role on the contact angle between the liquid and the solid surface.

Fig. 4 shows a side-view image of a water drop on a TiO,-coated
surface that has been dipped in octane (Case 2). The water drop
was basically in a spherical-cap shape, but it is obvious that the fringe
was extended in a thinner film. The octane drop on the octadecaneth-
iol-modified surface that had been dipped in water (Case 3) showed
a shape similar to the water drop in Case 2. Thus, the side-view pho-
tograph method was not amenable to precise determination of con-
tact angles in Cases 2 and 3. We developed an interference fringe
method for the measurement of small contact angles.

Fig. 5 shows the paths of laser light in a wedge-shaped liquid
film. Although the thickness of an actual liquid drop is not uni-
form, we assumed, for the sake of simplicity, that the inclination

Fig. 5. Relationship between incident and reflected rays.

angle, & was constant. Light E, appeared at point A at an angle i
to the vertical line, refracted at point A and reflected at point B, then
refracted again at point C. Complementary light E,, which was co-
herent and parallel to light E,, appeared at point C. Lights E, and
E, were focused at point C on a CCD camera with a microscopic
objective lens. Point D was the intersection of the perpendicular
line drawn from point A to light E,. The optical path length between
lights E, and E, is given by n(AB+BC)-CD.
The refractive index is given by

= Sin(ar+i) )
sir

where or+i and r are the angles of the light to the line perpendicu-

lar to the inclined face. The optical path difference is given by

2n,h
1-tana tan(r— o)
_sin(i+ a)tan(r— a)}
n,coso

n(AB+BC)-CD=

1
[cos(r— Q) ©

where h is the liquid thickness at point C. The incremental height
difference of the liquid layer between adjacent intensity extrema,
Ah, is given by

Ah

Ah: - ——— —
n(AB+BC)-CD

Q)

By observing the distance between the neighboring interference

s \

Fig. 6. Contours of fringes observed for a round drop: (a) side view,
(b) top view.
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extrema,the inclination angle is calculated from tan™ (Ab/AX). Fig. 6
schematically shows contours of fringes in the case of a spherical-
cap drop.

When the inclination angle, ¢; is small, the optical path differ-
ence is approximated by n(AB+BC)-CD=2nh, and the inclina-
tion angle is given by

aztan'l(znix) ®

Details of the interference fringe method were reported elsewhere
[16]. A laser with A=543.5 nm was used, and interferograms were

Fig. 7. Fringe pattern for octane film on the hydrophobic surface
immersed in water (1=543.5 nm).

Fig. 8. Fringe pattern for water film on the hydrophilic surface im-

mersed in octane (1=543.5 nm).

November, 2009

recorded with a 16-bit CCD video camera (SensiCam-670, pco.
imaging, Germany). The distance between neighboring interference
stripes, Ax, of the liquid drop was dependent on the location from
the edge. In the present study, Ax was obtained by averaging the
Ax values for the outmost 2-4 interference stripes.

Figs. 7 and 8 show the representative interferograms for a water
drop on the TiO,-coated surface dipped in octane (Case 2) and for
an octane drop on the octadecanethiol-coated surface dipped in water
(Case 3), respectively. The results show that the TiO,-coated sur-
face was sufficiently hydrophilic even when the surface was sur-
rounded by octane, which alone formed a thin film on the TiO,-
coated surface in ambient air. In the coexisting octane, the contact
angle of water was less than 7 degrees. Also, the octadecanethiol-
modified surface was sufficiently hydrophobic. In coexisting water,
the contact angle of octane was less than 5 degrees.

To ensure the effect of the surface treatment on the contact angle,
a PMMA substrate was split into two sections: one part was hy-
drophilic (TiO,-coated), and the other part was hydrophobic (octa-
decanethiol-coated). An octane drop placed on the substrate was
dispersed on both sections. A water drop placed on the substrate, as
shown in Fig. 9, was dispersed on the hydrophilic part, and stopped
at the boundary between the hydrophilic and hydrophobic sections.
4. Stability of Two-phase Layered Flow

The microchannel was positioned horizontally. Water and octane
were introduced into the upper-half and lower-half channels, respec-
tively, as shown in Figs. 1 and 2. An orientation of the heavier water
layer topside was purposely selected, because this scenario was more
unstable than the reverse and required testing. The average flow
velocity was kept at the same value, 0.8-4.0 cm s™', for each phase.

Octane

Octane

Hydrophilice Hydrophobic

Boundary

Fig. 9. Top view of zone-selectively modified surface.
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The two-phase flow was divided at the T-shaped section into the
upper and lower outlet flows. To decrease evaporation, the outlet
flows were recovered in vials that contained anhydrous ethanol.
The composition was analyzed by using a gas chromatograph (GC-
8A, Shimadzu, Japan) with a hydrophobic separation column. The
fraction of water in the hydrophilic upper-side outlet flow was cal-
culated from

Volume of recovered water
Total volume of recovered liquids

©

The fraction of octane in the hydrophobic lower-side outlet flow
was calculated in a similar manner. Eq. (9) is meaningful only when
the flow rate from the upper-side outlet is basically equal to that
from the lower-side outlet. In the present study, the flow rates from
the upper-side and lower-side outlets were coincident within 10%.
Since water is more viscous than octane, a pressure loss in the water-
side outlet tubing is possible to occur. Thus, the effect of the outlet
pressure on the two-phase separation also was evaluated. The outlet
pressure was applied by elevating one of the outlet tubing mouths.
The two-phase flow of water and octane in the microchannels
with no zone-selective modification was found to be unstable and
easily turned into a slug flow regime. Then, a mixture of water and
octane was recovered evenly at the outlets. However, the two-phase
layered flow in the microchannels, the walls of which were modified
to be hydrophilic and hydrophobic, was quite stable. As shown in
Fig. 10, the separation of water and octane was virtually complete.
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Fig. 10. Fractions of water and octane in upper- and lower-side out-
let flows.

The pressure applied to one of the outlet mouths showed no practi-
cal impact on the separation within the values tested in the present
study. A satisfactory separation was observed for the two micro-
channels prepared by the same procedures. This is shown by the
different keys for each component in Fig. 10.

CFD SIMULATION OF TWO-PHASE FLOW

Three-dimensional simulation for two-phase flow in the micro-
channel was performed with a general-purpose computational fluid
dynamics (CFD) package, FLUENT 6.3 (ANSYS, Inc.), based on
a VOF model [9]. To evaluate the effect of the interfacial tension, a
CSF model was used. Chemical reactions and interface mass trans-
fer were not taken into account.

The experimental results described above indicate that the two-
phase flow in microchannels was strongly affected by the contact
angles of the water and the octane on the channel walls. At the T-
shaped section, secondary flows (Dean vortex) may be formed in
the water and octane layers by the centrifugal force, which is gen-
erated by the right-angle turn of the liquids. If the channel walls
were not modified zone-selectively, the layered flow may have been
turned into a slug flow, and no separation would be expected at the
bifurcated outlets. Thus, the major purpose of the CFD simulation
was to obtain a scheme for the effects of contact angles, and of pres-
sures applied at the outlets, on the formation of a stable layered two-
phase flow. The dimensions of the microchannel used in the CFD
simulation were identical to the main part of the microchannels fabri-
cated in this study (Fig. 2).

Assuming constant physical properties of water and octane, the
unsteady-state equations of motion in the laminar region are given
by the following equations.

For the water phase

V-v,=0 (10)

o2 Vvt (11)
Dt

For the octane phase

V-v,=0 (12)

pu%ytﬁ ==Vp,+4,V'V,+ 0,8 13

Static pressure and liquid velocity are distributed three-dimension-
ally in the microchannel. The boundary conditions on the walls are
described by

v,=0,v,=0 (14)

The boundary conditions on the interface of water and octane are
based on the assumption of no slip and on the momentum balance,
and are given by the following equations.

v, =V, (15)
dv, _ dv,
~Hn, =, (16)

where n;, is the unit vector vertical to contacting wall. Laplace’s equa-
tion on the water and octane interface is given by the following equa-
tion.

Korean J. Chem. Eng.(Vol. 26, No. 6)
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Apyo= YoV 1 a7

The curvature of the interface V-n, varies depending on densities
and viscosities of the fluids, as well as on the pressure applied to
the outlet. This is distinct from the single-phase capillary phenom-
enon, where the contact angle is decided by the affinity between
the liquid and the solid surface. When the microchannel walls are
modified zone-selectively to be sufficiently hydrophilic and hydro-
phobic, both side edges of the interface for the two-phase layered
flow are fixed on the peripheral lines between the tightly bonded
upper and lower channels. However, a two-phase layered flow may
turn into a slug flow, where the edges of the water-octane interface
are no longer fixed on the peripheral lines of the upper and lower
channels. In the present CFD simulation, therefore, contact angles
for the coexisting water and octane system varied widely, and the
flow patterns were calculated.

At the inlets, water and octane are introduced as single phases at
velocities of v, , and v, ,,, respectively.

Ve Vi Vo Vo (18)
At the outlets, constant pressure conditions are applied.

Pw=Po=Puous Pw=Po=Pr e (19

where p, ,,, and p, ,,, are the pressures of the upper and lower out-
lets.
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Fig. 11. CFD simulation for water (upper) and octane (lower) sys-
tems in microchannels with different contact angles. The
broken line indicates an approximate boundary between
the stable and unstable regions for the two-phase layered
flow. The circled domain indicates the contact angles ob-
tained with an untreated PMMA plate.

Meshes for computation were generated with GAMBIT 2.1 soft-
ware. The details are reported elsewhere [15]. The mesh size was
5 umx5 pum for the cross-sectional plane and 5 um in the longitu-
dinal direction. The computation accuracy was confirmed by de-
creasing the mesh size near the water-octane interface to 2.5 um.

Fig. 11 shows how contact angles on the microchannel walls af-
fected the two-phase flow patterns by the simulation. To unify the
expressions of contact angle for the water and octane phases, here-
after, the contact angle is counted from the water phase to the oc-
tane phase. As described in the experimental section, the micro-
channel was placed horizontally, with upper hydrophilic and lower
hydrophobic sections. Water and octane were introduced into the
upper and lower inlets, respectively, at v,,,=v, ,=1 cm s™' in the
calculation, as a representative case of the experiments. The bro-
ken line in the figure indicates a rough boundary for stability of the
two-phase layered flow. The upper-left direction of Fig. 11 means
that the upper section is more wettable to water, and that the lower
section has a greater affinity for octane. The contact angles deter-
mined experimentally for the modified surfaces were greater than
175 degrees (5 degrees when defined as the angle of the water wedge)
on the upper channel walls, and less than 7 degrees on the lower
channel walls. The contact angles determined experimentally for
the as-received PMMA plate were in the circled region near the
boundary line. These suggest that the surface modification devel-
oped in the present study would effectively produce a water-octane
layered flow. For the contact angles shown in the lower-right region
of Fig. 11, the water-octane flow was fundamentally in the domain
of a slug flow, and the mixture of water and octane was discharged
with no separation.

Fig. 12 shows the effect of pressure applied to the lower outlet
(octane side) of the microchannel. The contact angle of the water
on the upper channel walls was assumed to be 165 degrees (15 de-
grees when defined as the angle of the water wedge), and that of
octane on the lower channel walls was assumed to be 35 degrees.
Under these conditions, the interface between water and octane was
fixed along the boundary between the hydrophilic and hydropho-
bic sections. With no outlet pressure application, the water layer
was convex downward because of the heavier density of water, as
shown in Fig, 12(a). When pressure was applied to the lower outlet,
on the other hand, the water layer was concave upward, as shown
in Fig. 12(b). Both the simulation and experimental results suggest
that the two-phase layered flow was maintained in the zone-selec-
tively modified microchannels, even when pressure was unevenly
applied to the outlet.

CFD simulation, which was performed assuming no interfacial

Fig. 12. Effect of hydrostatic pressure applied to the upper side outlet: (a) applied pressure=0 Pa, (b) applied pressure=1.6 kPa.
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tension, showed that the two-phase flow turned into a slug flow im-
mediately after the water and octane flows merged. Thus, the interfa-
cial tension is also important for the maintenance of a two-phase
layered flow.

CONCLUSIONS

Microchannels 200 pm in width and 200 um in depth were fabri-
cated on PMMA plates for the purpose of contacting two immisci-
ble liquids (water and octane). The upper and lower walls of the
microchannels were modified to be hydrophilic and hydrophobic,
respectively. A stable two-phase layered flow of water (upper phase)
and octane (lower phase) was performed, and these liquids were
virtually completely separated at a T-shaped bifurcate, under a range
of flow rates tested. Both hydrophilicity and hydrophobicity of the
modified surfaces were confirmed by a laser interference fringe tech-
nique. CFD simulation indicated that the contact angles, which were
experimentally observed for the modified surfaces, were sufficient
to maintain a stable water-octane layered flow.
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NOMENCLATURE

g (g) : gravitational acceleration (vector)

h : height of liquid layer

Ah  :incremental height difference of liquid layer between adja-
cent intensity extrema

: incident angle

: level of the outlet mouth elevated above microchannel

: index of refraction

: unit vector normal to liquid-liquid contact plane

P.s D, : pressures of water and octane, respectively

Du.our» P owe - PrEssures at upper- and lower-side outlets, respectively

Ap,, :pressure difference across water and octane interface

t : time

V,..m» Vo - Velocities at the inlet for water and octane, respectively

v, V, : velocities (vector) of water and octane, respectively

B P g .

Ax :distance between adjacent fringe stripes

Greek Letters

o :contact angle
y  :interfacial tension
A :wave length of laser

M., 1, viscosities of water and octane, respectively
L., P, - densities of water and octane, respectively
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