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In micro channels, slug flow becomes one of the main flow regimes due to strong surface tension. In
micro channel slug flow, elongated bubble flows with the thin liquid film confined between the bubble
and the channel wall. Liquid film thickness is an important parameter in many applications, e.g., micro
heat exchanger, micro reactor, coating process etc. In the present study, liquid film thickness in micro
square channels is measured locally and instantaneously with the confocal method. Square channels with
hydraulic diameter of D;, = 0.3, 0.5 and 1.0 mm are used. In order to investigate the effect of inertial force
on the liquid film thickness, three working fluids, ethanol, water and FC-40 are used. At small capillary
numbers, liquid film at the channel center becomes very thin and the bubble interface is not axisymmet-
ric. However, as capillary number increases, bubble interface becomes axisymmetric. Transition from
non-axisymmetric to axisymmetric flow pattern starts from lower capillary number as Reynolds number
increases. An empirical correlation for predicting axisymmetric bubble radius based on capillary number

Keywords:

Slug flow

Liquid film thickness
Micro channel

and Weber number is proposed from the present experimental data.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Flow boiling in micro channels has been studied extensively,
since heat transfer is enhanced effectively in micro scales. It is
known that the flow boiling characteristics of micro channels are
quite different from those found in conventional channels. In micro
channels, vapor bubble growth is restricted by the channel wall,
and elongated vapor bubbles are confined by liquid slugs and li-
quid film. This flow regime is called slug flow. It is reported that
the liquid film thickness is one of the important parameters for
predicting boiling heat transfer in micro channel slug flows
(Thome et al., 2004; Kenning et al., 2006; Serin et al., 2008).

For the pioneer study, Fairbrother and Stubbs (1935) investi-
gated the bubble velocity in a circular tube. They reported that
the bubble velocity is faster than the liquid slug velocity due to
the liquid film attached to the tube wall. An experimental correla-
tion for the bubble velocity was proposed as follows:

(Up — Un)/Up = 1.0Ca'?, (1)

where U, and U, are the bubble velocity and the mean velocity,
respectively. Taylor (1961) extended Fairbrother and Stubbs’ exper-
iment to higher capillary numbers. It was observed that the ratio of
bubble velocity and mean velocity approaches an asymptotic value
around 0.55. Bretherton (1961) proposed a theoretical correlation
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for the liquid film thickness with the lubrication equations as
follows:

§/D =0.67Ca*?, 2)

where § is the liquid film thickness and D is the tube diameter.
However, Eq. (2) is applicable only for small capillary number flows.
Ratulowski and Chang (1989) extended Bretherton'’s theory to high-
er capillary number with arclength-angle formulation. It was shown
that film thickness and pressure drop of the flow with finite bubble
length resembles those of the flow with an infinitely long bubble
when bubble length exceeds channel width.

Aussillous and Quere (2000) measured the averaged liquid film
thickness from the length variation of the liquid slug with low vis-
cosity fluids. It was found that the liquid film thickness is thicker
than the Taylor’s experimental data at high capillary numbers
due to the inertial effect. Han and Shikazono (2009) measured
the initial liquid film thickness in micro circular tubes with laser
focus displacement meter. The effect of inertia force was investi-
gated using different working fluids and different diameter tubes.
An empirical correlation based on capillary number, Reynolds
number and Weber number was proposed.

Numerical studies on the liquid film thickness have also been
conducted. Giavedoni and Saita (1997) used finite-element method
to investigate the motion of a bubble confined either between two
closely separated plates or in a small cylindrical tube. Heil (2001)
investigated the effect of Reynolds number on the flow field and
pressure distribution in micro tube slug flow. It is reported that
the liquid film thickness decreases initially with Reynolds number,
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and this tendency is reversed as Reynolds number increases. Kreut-
zer et al. (2005) showed that the pressure drop increases signifi-
cantly as inertial force becomes dominant. The effect of Reynolds
number on the liquid film thickness was similar to the numerical
results of Heil (2001).

Compared with the circular tube studies, researches on the
square channel two-phase flows are still limited. In square chan-
nels, liquid film thickness varies along the channel perimeter. The-
oretical approach of the two-phase flow becomes more
complicated due to the presence of channel corner. Wong et al.
(19954, b) studied the liquid film deposited on polygonal capillar-
ies at Ca — O limit, and calculated the drag of the bubble. It was
found that the deposited film is not uniform in the cross-stream
direction and rearranges downstream. Kolb and Cerro (1991) used
sequential particle tracking techniques to investigate the coating
thickness of the liquid deposited on the square channel wall. It is
observed that the transition from a non-axisymmetric to axisym-
metric bubble occurs at Ca =~ 0.1. In their investigation, air-liquid
interface consists of three regions: (1) a cap region defined by a cir-
cular sector of constant radius, (2) a transition region with its inter-
face having a small slope, (3) a liquid film region with uniform
thickness. Thulasidas et al. (1995, 1997) investigated the slug flow
in capillary square channel with the same method as Kolb and Cer-
ro (1991). They observed that the transition from non-axisymmet-
ric to axisymmetric bubble occurs at Ca ~ 0.04.

Hazel and Heil (2002) numerically investigated the propagation
of air-finger into elliptical and rectangular channels. It was ob-
served that the liquid tends to move towards the corner due to
the non-uniform pressure distribution at small capillary number.
They found that the decay rate of the tip asymmetry decreases as
capillary number increases. Taha and Cui, 2006 used VOF method
to study the characteristics of slug flow in circular tubes and
square channels. Bubble shape, velocity and wall shear stress dis-
tributions were investigated for the wide range of capillary
number.

Hydrodynamics of square channel slug flows are thus quite dif-
ferent from those of circular tubes. Therefore, to develop a precise
model of flow boiling in micro square channels, it is important to
measure the instantaneous variation of the local liquid film thick-
ness. In the present study, local and instantaneous liquid film
thicknesses in micro square channels are measured directly with
the confocal method which is used in the previous study (Han
and Shikazono, 2009). Series of experiments is conducted to inves-
tigate the parameters that affect the liquid film thickness in micro
square channels.

2. Experimental setup and procedures
2.1. Test section configuration

Square quartz channels (Conic Techno®) with hydraulic diame-
ters of Dy, = 0.3, 0.5 and 1.0 mm are used in the present study. Fig. 1
shows the cross section of the Dy =1.0 mm square channel. In
square channels, there are two representative liquid film thick-
nesses, i.e., liquid film thickness at the channel center Scenter and
that at the channel corner dcormer- The shapes of the channel corners
are modified to measure the liquid film thickness at the channel
corner as shown in Fig. 1. In order to investigate the effect of corner
shape, the shapes of four corners of Dy, = 1.0 mm square channel
are modified differently. The channel is not a perfect square and
the channel side is slightly curved. Circumscribed square can be
drawn as shown in Fig. 2. Each corner and channel side is num-
bered and the distances between the corners of circumscribed
and real squares are measured as shown in Fig. 2. Hydraulic diam-
eters of the circumscribed squares are used for the data reduction.

200 um

Fig. 1. Cross section of Dy, = 1.0 mm square channel.
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Fig. 2. Circumscribed square of Dy, = 1.0 mm square channel.

Fig. 3(a-d) shows the cross sections and circumscribed squares of
Dp=0.3 and 0.5 mm square channels, respectively. For Dy =0.3
and 0.5 mm channels, only one of the four corners is modified. Ta-
ble 1 shows the dimensions of the micro square channels used in
the present study.

2.2. Experimental setup and procedures

Experimental setup is the same as the previous study (Han and
Shikazono, 2009). Fig. 4 shows the schematic diagram of the exper-
imental setup. Actuator motor (EZHC6A-101, Oriental motor) is
used to move the liquid in the micro channel. The images of inter-
face movement are captured with high-speed camera (Phantom
7.1), and liquid film thickness is measured with laser focus dis-
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Fig. 3. Cross sections and circumscribed squares of square channels: (a) and (b) D, = 0.5 mm square channel, (¢) and (d) Dy, = 0.3 mm square channel.

Table 1
Dimensions of micro square channels.

Dh (Hm) H (le) W(Hm) Lcorner_l (Hm) Lcorner_Z (Hm) Lcorner_3 (Hm) Lcorner_4 (Hm)
954.5 956 953 61.6 74.8 72.7 58.5
569.7 582 558 34.6
281.5 279 284 203
LFDM
Z J
|
Actuator
motor Syringe
= | High speed
f = camera

Fig. 4. Schematic diagram of the experimental setup.

placement meter (hereafter LFDM; LT9010M, Keyence). Three
working fluids, water, ethanol and FC-40 are used to investigate
the effect of property difference on the liquid film thickness. The
principle and detailed specification of the present experiment are
explained in the previous paper (Han and Shikazono, 2009).

Fig. 5 shows the path of laser through the channel wall and the
liquid film. Refractive indices of quartz, ethanol, water and FC-40
are 1.457, 1.36, 1.33 and 1.29, respectively. Wall thickness y; is
measured initially without flowing the liquid, and then the dis-

tance from outer wall to air-liquid interface y, is measured. Liquid
film thickness & is calculated from the difference of these two
values:

o = (¥, —y;) tan O,/ tan o, (3)
where 0, and 0r are the angle of incidence for air and liquid film.

The angle of incidence 0,;, for the present LFDM is 14.91°. The angle
of incidence 0r is obtained from the Snellius’ law as follows:
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Fig. 5. Laser paths in channel wall and liquid film.

0f = asin (sin Ow n—‘”) , (4)
ng
. . . Nair
Oy = asin | sin 0y 2= ), (5)
Ny

where ng;,, n,, and ny are the refractive indices of air, channel wall
and fluid, respectively. Liquid film thickness ¢ is calculated from
Egs. (3)-(5).

3. Results and discussion
3.1. Time variation of the liquid film thickness

Fig. 6 shows a typical measurement data of ethanol in
Dn=1.0mm channel at low capillary number, Ca=0.011. In
Fig. 6, a circular tube data dyype is also shown for comparison. Li-
quid film thickness in a circular tube becomes nearly constant after
the initial rapid decrease, which corresponds to the transition re-
gion between bubble nose and flat film region. Liquid film thick-
ness at the channel center is much thinner than that in the
circular tube.

Fig. 7 shows the time variations of ¢orner and Scenter. Channel
center thickness continues to decrease with wavy fluctuations. Fre-
quency of the fluctuation also decreases with time. On the con-
trary, liquid film thickness at the channel corner tends to
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Fig. 6. Variation of liquid film thickness with time at low capillary number.
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Fig. 7. Long time variation of §coner and Scenter at low capillary number in ethanol/
air experiment.

increase after the initial decrease and then approaches an asymp-
totic value. It is considered that the deposited liquid film flows
from channel center to channel corner due to the pressure gradient
along the channel perimeter. This secondary flow is also reported
in the numerical work conducted by Hazel and Heil (2002). Asymp-
totic values after this secondary flow have terminated are defined
as initial liquid film thicknesses. For fluctuating cases, the lower
value is taken as shown in Fig. 7.

Figs. 8 and 9 show the time variations of dcorner aNd dcenter in FC-
40/air and water/air experiments. The trend in FC-40/air experi-
ment is almost the same as the ethanol/air experiment because
FC-40 also wets quartz well. On the contrary, quartz wall becomes
partially dry at the channel center for water/air experiment, be-
cause water does not wet quartz wall. The liquid film keeps its ini-
tial shape for a very short period and then liquid droplet is formed
and the quartz wall becomes partially dry. Data just before the
channel wall to become dry is used for g center a5 Shown in Fig. 9.

Fig. 10 shows a typical measurement data of ethanol in
Dy = 1.0 mm square channel at high capillary number, Ca = 0.063.
Again, liquid film thickness at channel center is much thinner than
that in a micro circular tube. Unlike the case of low capillary num-
ber, no fluctuation is observed. This trend was almost the same for
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Fig. 8. Long time variation of dcorner aNd dcenter at low capillary number in FC-40/air
experiment.
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Fig. 9. Long time variation of dcorner aNd Scenter at low capillary number in water/air
experiment.

other fluids. The values after the initial decrease are used for the
initial liquid film thicknesses as shown in Fig. 10.

3.2. Effect of modified corner shape

The effect of the modified corner shapes on the liquid film
thickness is investigated. Fig. 11 shows the liquid film thicknesses
at four corners of the Dy, = 1.0 mm channel. Liquid film thickness at
channel center is almost identical to each other. It is confirmed that
the modified corners have no effect on the liquid film thickness at
channel center. On the other hand, liquid film thicknesses at differ-
ent channel corners show slight variations. In Fig. 12, g corner
which are defined as the distances from air-liquid interface to cir-
cumscribed square corners are shown. Liquid film thicknesses de-
fined from the circumscribed square corners are almost identical.
Thus, the effect of modified corner shapes on the air-liquid inter-
face profile is negligible if circumscribed square is used. Thus, in
the following sections, distance from circumscribed square corner
to the air-liquid interface is used for 5¢_corner-

Dimensionless bubble radii Reenter and Reorner are commonly
used in square channels:
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Fig. 10. Variation of liquid film thickness with time at high capillary number.
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Fig. 11. Liquid film thickness against velocity in Dy, = 1.0 mm square channel.
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Fig. 12. Distance from the air-liquid interface to the ideal corner in Dy = 1.0 mm
square channel.

When the liquid film thickness at the channel center dg_center iS zero,
Reenter becomes unity. If the interface shape is axisymmetric, Reenter
becomes identical to Reorper-

3.3. FC-40/air experiment

Fig. 13 shows Reenter and Reorner against capillary number for the
FC-40/air experiment. The solid lines in Fig. 13 are the numerical
simulation results obtained by Hazel and Heil (2002). In their sim-
ulation, inertial force term was neglected and thus it can be consid-
ered as the low Reynolds number limit. Reenter iS almost unity at
capillary number less than 0.03. Corner radius Reoier Monoto-
nously decreases as capillary number increases. Thus, interface
shape is non-axisymmetric for Ca < 0.03.

For Ca > 0.03, Reenter becomes nearly identical to Reormer and the
interface shape becomes axisymmetric. In Fig. 13, the bubble radii
in D, =0.3 and 0.5 mm channels are almost identical and larger
than the numerical simulation results. On the other hand, the bub-
ble radius in D, =1.0 mm channel is smaller than those of the
D, =0.3 and 0.5 mm channels for the whole capillary number
range.

As capillary number approaches zero, liquid film thickness in a
micro circular tube becomes zero. In micro square channels, even
as capillary number approaches zero, liquid film Jo_corner Still
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Fig. 13. Dimensionless bubble diameter against capillary number for the FC-40/air
experiment.

remains at the channel corner. Corner radius Reomer reaches an
asymptotic value smaller than v/2 as investigated in Wong et al.’s
numerical study (1995a,b). It is reported that liquid film thickness
at the channel corner takes a certain value under stationary condi-
tion (Wong et al., 1995a,b).

3.4. Ethanol/air experiment

Fig. 14 shows Rcenter and Reorner against capillary number for the
ethanol/air experiment. Similar to the trend found in the FC-40/air
experiment, Reeneer iS almost unity at low capillary number. Most of
the experimental data are smaller than the numerical results. Tran-
sition capillary number, which is defined as the capillary number
when bubble shape changes from non-axisymmetric to axisym-
metric, becomes smaller as Dy, increases. For D, = 1.0 mm square
channel, Reenter is almost identical to Reomer beyond the transition
capillary number. But for Dy, = 0.3 and 0.5 mm channels, Reenter iS
smaller than Reomer €ven at large capillary numbers. At the same
capillary number, Reenter and Reomer decrease as Reynolds number
increases.

For Ca > 0.17, Reenter and Reorner in Dy, = 1.0 mm square channel
becomes nearly constant. It is considered that this different trend
is attributed to the flow transition from laminar to turbulent. At

Square channel, Ethanol

T

Dy, =0.3 mm, Rygper
D, =0.3 mm, R qper
Dy, =0.5 mm, Ryoper
Dy, =0.5 mm, Reeper
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Numerical simulation
< (Hazel and Heil, 2002)|
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Fig. 14. Dimensionless bubble diameter against capillary number for the ethanol/
air experiment.
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Fig. 15. Dimensionless bubble diameter against capillary number for the water/air
experiment.

Ca =~ 0.17, Reynolds number Re = pUDy/1L of ethanol in D, = 1.0 mm
channel becomes nearly 2000 as indicated in Fig. 14.

3.5. Water/air experiment

Fig. 15 shows Reenter and Reorner against capillary number for the
water/air experiment. Reepneer 1S again almost unity at low capillary
number. Transition capillary number is much smaller than those of
ethanol/air and FC-40/air experiments. Transition capillary num-
bers for Dy = 0.3, 0.5 and 1.0 mm square channels are Ca =0.025,
0.2 and 0.014, respectively. Due to the strong inertial effect, bubble
diameter of the water/air experiment is much smaller than those of
other fluids and the numerical results. Bubble diameter becomes
nearly constant again for Re > 2000. Data points at Re ~ 2000 are
indicated in Fig. 15. Inertial effect is usually neglected in micro
scales. However, it is apparent that inertial effect must be consid-
ered even for this Reynolds number range.

3.6. Scaling analysis and experimental correlation

Fig. 16 shows the schematic diagram of the force balance in the
transition region. Momentum equation and curvature matching in
the transition region are expressed as follows:

w1 1
?NEU(Kl—KZ)—ZPUZa (8)
0

?NKl — K2, 9)

where 1 is the length of transition region and x; and x are the cur-
vatures of bubble nose and flat film region, respectively.

Liquid

A .

pU? +—

I
]
A |
e ' Bubble nose
\ Transition !
region

Flat film region

Fig. 16. Schematic diagram of the force balance in the transition region.
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Fig. 17. Schematic diagram of the interface shape at Ca — 0.

In the present experiment, dg corner does not become zero but
takes a certain value as Ca — 0. Fig. 17 shows the schematic dia-
gram of the interface shape at Ca — 0. In Fig. 17, air-liquid inter-
face is assumed as an arc with radius r, and thus x, can be
expressed as follows:

1 V2-1

Kyg=—=——".
r OO_corner

(10)

If bubble nose is assumed to be a hemisphere of radius Dy,/2, the
curvature of bubble nose x; can be expressed as follows:

2

" Dy/2’
The curvature of bubble nose x; should be larger than the curvature
of the flat film region x, due to the momentum balance. Then, the

relation of Dy, and g corer from the restraint x, < x; is deduced
as follows:

\/§—1< 2

K1 (11)

5O,c0rner - Dh/z ’ (12)
From Eq. (12), the limit of Reoer is determined as follows:
Reomer < 1.171. (13)

Fig. 18 is a magnification of Reomer at small capillary number
range. As capillary number approaches zero, Rorer 'eaches 1.171.
This implies that x; = k5 is a good estimation at Ca — 0.

As capillary number increases, the interface shape becomes axi-
symmetric for most of the experimental conditions. Thus, bubble
can be simply assumed to be a hemisphere at bubble nose and

1.30 T
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O Water, D, =0.5mm, R I
1.25 O Water, Dy = 1.Omm, R, |
I
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corner ~ '+ ® Ethanol, D, =0.5mm, R .|
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115 ©
8
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< O & O No @
@ ?8|p
c: g ® ®
1.10 Ok =
TP =p > 0
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FC-40, D, = 1.0 mm, R, |
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0.000 0.002 0.004 0.006 0.008 0.010
Ca (uU/0)

Fig. 18. Dimensionless bubble diameter Rqomer against capillary number at Ca — 0.

Reorner = Reenter at flat film region. Under such assumption, the cur-
vatures k; and k» in Eqs. (8) and (9) can be rewritten as follows:

2
Ki=————, 14
! Dh/\/j - 5O,c0mer ( )
1
Ky=—m——, (15)
Dh/\/-j - 50,comer
K1~ 16 ! (16)

B Dh/\/j - 5O_corner .

We can deduce a relation for Jg ormer/Dn from Egs. (8), (9) and
(16) as follows:

50_C01’1]El' \/_Z‘CGZ/3 (1 7)
Dv  Ca®’+(1-WeyP

where

We — pU2 (Dh/\/j — J0_corner) . (18)

[

We' includes 8¢_corner in the definition as shown in Eq. (18). Thus We’
is replaced by We = pU?Dy,/ for simplicity. The denominator of RHS
in Eq. (17) is also simplified with Taylor expansion. From Egs. (13)
and (17), Reormer can be deduced as follows:

2v2Ca*?

Rcomer ~ ]17] - m

(19)
The experimental correlation for Reomer is Obtained by modifying
the coefficients and exponents in Eq. (19) with the least linear
square method as follows:
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Fig. 19. Predicted bubble diameter against capillary number in Dy, = 0.5 mm square
channel.



Y. Han, N. Shikazono / International Journal of Multiphase Flow 35 (2009) 896-903 903

1.2 X
0
.10 O
+5 %,
1.1 -
5%
< e -
5 10 2 .
£
E o"
&4 )
0.9
0.8 - \
0.8 0.9 1.0 1.1 1.2

Prediction, R

corner
Fig. 20. Comparison between prediction and experimental results.

2/3
1171 - — 243G ____
1+7.28Ca®/> ~0.255We%21>

(Re < 2000) (a)

Rcorner = 1171 3869;12/pa'Dr21/3 (20)
’ T 1+1.156(12/ paDy )2 =6.70(u2  paDy, 02T
(Re > 2000) (b)
1 (Reomer > 1) (a)
R = 21
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where Ca = uU/o, Re = pUDy/u and We = pU?Dy /0. Reenter is almost
unity at small capillary number. However, dg_center Still has a finite
value at low Ca, thus Reenter # 1. Further investigation is required
for the accurate scaling of g center O Reenter at low Ca. As capillary
number increases, interface shape becomes axisymmetric and
Reenter 1S identical to Reormer- AS capillary number approaches zero,
Reorner Should be a certain value as shown in Fig. 18 and the value
is determined to be 1.171. If Reynolds number becomes larger than
2000, Reomer becomes constant due to the flow transition from lam-
inar to turbulent. Capillary number and Weber number should be
also replaced with the values at Re = 2000 as shown in Eq. (20b).
Fig. 19 shows the comparison between the experimental data and
the predictions of Eq. (20). As shown in Fig. 20, the present correla-
tion can predict dimensionless bubble diameters within the range
of £5 % accuracy.

4. Concluding remarks

Liquid film thicknesses in micro square channels with hydraulic
diameters of D, =0.3, 0.5 and 1.0 mm were measured with laser

focus displacement meter. At small capillary numbers, it is ob-
served that the liquid film formed on the channel center becomes
very thin. However, as capillary number increases, the interface
shape becomes axisymmetric. As Reynolds number increases, tran-
sition from non-axisymmetric to axisymmetric flow pattern starts
from smaller capillary number. An empirical correlation for the
dimensionless bubble diameter based on capillary number and
Weber number is proposed. The present empirical correlation pre-
dicts the experimental data within +5 % accuracy.
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