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H I G H L I G H T S
� Detail characteristics of slug flow with inertial effects are investigated.

� The transition of bubble formation regime mainly depends on the liquid velocity.
� The inertia of the forming bubble would lead to a faster rupture process.
� The inertial effects greatly thicken the liquid film thickness.
� A leakage flow is proposed to explain the bubble velocities and slug length.
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Slug flow behavior and characteristics have been studied in a rectangular microchannel with Y-junction.
Two simple bubble shape models are proposed to calculate the film thickness, gas hold-up and the
specific surface area. The results show a significant effect of inertia on the bubble generation process. The
liquid film thickness was greatly thickened by the inertial effect. The main forces on the rupture of the
gas bubbles present a shifting from pressure (squeezing regime) to shearing stress and dynamical
pressure of the liquid (shearing regime). The transition was found to mainly depend on the liquid
velocity. A strong leakage flow of the liquid film around the gas bubbles was suggested as the liquid slug
lengths decreased instead when liquid velocity increased. This leakage flow is also the reason of the over-
prediction of the bubble velocity based on the stagnant film hypothesis.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Gas–liquid two-phase flow pattern is an important research
area for the multiphase systems in the microreaction technology.
Among the flow patterns (Triplett et al., 1999; Zhao et al., 2013), slug
flow is easily obtainable for a large range of operating conditions,
and characterized by sequences of a gas bubble and a liquid slug.
The figuration of slug flow contains regular sized gas bubbles that
are longer than the channel diameter or width. The gas bubbles are
surrounded by a thin liquid film with the bubble area occupying
almost the entire channel cross-section (Fries et al., 2008; Thulasidas
et al., 1995). Low axial mass transfer or back mixing occurs between
two adjacent liquid slugs. Moreover, both radial mass and heat
ll rights reserved.

: +86 411 84691570.
).
transfer can be intensified by internal circulation in the single slugs
(Günther et al., 2004; Thulasidas et al., 1997). These merits make
slug flow an ideal regime for improving the reaction performance.
Wide attention has been paid to the bubble formation process (Fu
et al., 2009; Garstecki et al., 2006; Pohorecki and Kula, 2008; van
Steijn et al., 2007), the gas bubble and the liquid slug length
(Garstecki et al., 2006; Leclerc et al., 2010; Qian and Lawal, 2006;
Sobieszuk et al., 2010), the liquid film thickness around bubbles
(Fries et al., 2008; Han and Shikazono, 2009a; Thulasidas et al.,
1995), the phase distribution (Choi et al., 2011; Kawahara et al.,
2005; Saisorn and Wongwises, 2010), the pressure drop (Kreutzer
et al., 2005a, 2005b; Yue et al., 2009), and the mass transfer
(Sobieszuk et al., 2011; van Baten and Krishna, 2004; Vandu et al.,
2005), etc. However, a full understanding of slug slow for optimizing
the design of microreactor remains pendent.

The characteristics of gas bubbles and liquid slugs have a direct
impact on the gas–liquid transport and multiphase reaction
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(Sobieszuk et al., 2011; Vandu et al., 2005). Their lengths are
mainly affected by the gas bubble generation process at the
junction, which can be attributed to the competition among the
surface tension, the pressure, the shear stress, and the inertia. At
low capillary numbers (Ca) and neglecting inertia, Garstecki et al.
(2006) proposed the squeezing regime, in which the breakup of
the gas bubbles is chiefly driven by the buildup of pressure
upstream of an emerging bubble. In this case, the gas bubble
length is independent of the fluid properties, and only depends on
the two-phase flow rate ratio and the inlet geometry (Garstecki
et al., 2006; van Steijn et al., 2010). At high Ca, the shearing regime
occurs, which is characterized by the gas bubble partly occupying
the cross section of the channel (Guo and Chen, 2009; Yue et al.,
2008). Under this regime, the shear stress and inertia play an
important role in the pinch-off. Thus, the fluid properties would
have an influence on the bubble lengths (Abadie et al., 2012; Guo
and Chen, 2009; Qian and Lawal, 2006). The gas bubble lengths, as
well as the gas hold-up, are also affected by the aspect ratio of
channels as indicated by Choi et al. (2010).

The liquid film around gas bubbles is also of great importance
for mass and heat transfer. The thickness of liquid film has mainly
been studied in circular capillaries that it was considered as a
function of the capillary number (Ca) (Aussillous and Quéré, 2000;
Bretherton, 1961; Han and Shikazono, 2009b; Kreutzer et al.,
2005b). More recently, attention has been paid to microchannels
with other cross sections (Fries et al., 2008; Han and Shikazono,
2009a; Kolb and Cerro, 1991; Kuzmin et al., 2011; Thulasidas et al.,
1995). The liquid film distribution in square capillaries is not
cylindrically symmetric due to the corners, which differs from that
of their circular counterparts. The gas bubble shape in the cross
section is also non-axisymmetric as the corners is affected by
larger viscous forces than the regions near the center of the walls
(Kolb and Cerro, 1991). However, the gas bubble shape presents a
shifting from non-axisymmetric to axisymmetric above a transi-
tional value of Ca (O(10−2)) (Fries et al., 2008; Han and Shikazono,
2009a; Kolb and Cerro, 1991; Kuzmin et al., 2011; Thulasidas et al.,
1995), as shown in Fig. 1(b) and (c). Kreutzer et al. (2005a)
developed an empirical correlation for estimating the liquid film
thickness in the corners of square channels. Their results show
that even at extremely low Ca, the liquid film does not vanish in
the corners. Research on rectangular channels was motivated by
the interest in monolithic reactors and by the easy fabrication of
rectangular cross sections with MEMS techniques, such as photo-
lithography and etching techniques. Moreover, the slug flow in
rectangular channels presents different behaviors (Choi et al.,
Fig. 1. Scheme of the liquid film distribution around gas bubbles in microchannel
with different cross sections. (a) Circular channel, (b) square channel under
transitional Ca, (c) square channel above transitional Ca, (d) and (e) rectangular
channel.
2011; Hazel and Heil, 2002; Kuzmin et al., 2011). Hazel and Heil
(2002) investigated the steady propagation of a semi-infinite
bubble into rectangular channels. Their numerical results indi-
cated that at a given Ca, an increase in the aspect ratio caused a
decrease in the liquid film thickness in the planes of the shorter
semi-axis. The gas bubble shape turned into ellipsoid as the liquid
film thickness increases (Fig. 1(e)). Kuzmin et al. (2011) found
similar results from the simulation of the slug flow in rectangular
channels using lattice Boltzmann method.

In most of the literatures considering the liquid film thickness,
Ca was varied by increasing the liquid viscosity, so the Reynolds
number (Re) was always small (Kolb and Cerro, 1991; Thulasidas
et al., 1995). Many results have shown that the inertia has a
considerable influence on the liquid film thickness and the gas
bubble shape (Aussillous and Quéré, 2000; Han and Shikazono,
2009a; Heil, 2001; Kreutzer et al., 2005b). For a given Ca, a
decrease in the liquid film thickness up to Re of about 100,
followed by an increase for higher Re was numerically discovered
by Kreutzer et al. (2005b) and Heil (2001). Aussillous and Quéré
(2000) reported the thickening effect of inertia with low viscosity
fluid and proposed an inertia-dependent scaling law for qualita-
tively explaining this effect as δ/DH∼Ca2/3/(1+Ca2/3–We). Han and
Shikazono (2009a) investigated the effect of inertia in square
capillaries using different working fluids and developed a similar
correlation, which showed good agreement with experimental
data. In the present study, the thickening effect of inertia in the
rectangular channel with an aspect ratio of 2.68 has been shown to
be more obvious.

The present work aims at improving the fundamental under-
standing of slug flow in rectangular microchannel with inertia
effect. Information about the gas bubble generation process, the
length of the gas bubble and the liquid slug, the liquid film
thickness, the gas bubble velocities, and the gas hold-up, will be
investigated through visualization methods in a rectangular
microchannel with Y-junction.
2. Experimental section

2.1. Microchannel specification

A rectangular microchannel contactor with Y shaped junction
was used in this work. All the channels, with a cross section of
750 μm (width) and 280 μm (depth), were fabricated on poly-
methal methacrylate substrate (PMMA, A grade, 92% of light
transmittance, ShenZhen HuiLi Acrylic Products Co., Ltd) using
micromachining technology (FANUC KPC-30a) in our CNC
Machining Center. The schematic representation and actual picture
of the microchannel reactor construction are displayed in Fig. 2. The
two PMMA plates were sandwiched between two stainless steel plates
and sealed by screws. The angle between gas and liquid inlets is 601
and the length of the mixing channel is 60 mm.

2.2. Experimental setup

The experiments were mainly conducted with deionized
water–carbon dioxide and a small number of experiments were
by deionized water–nitrogen. The schematic diagram of the
experimental setup was shown in Fig. 3. Gas flow was provided
via the pressure regulator and controlled by mass flow controller
(D07-7B, Beijing Sevenstar Electronics Co., Ltd., China) with an
accuracy of 0.5% full scale. Deionized water was pumped by a high
precision digital piston pump (Series II, Chrom. Tech. Inc.).
The actual flow rate under each run was determined by weighing
method. In order to eliminate the pulsation of the liquid flow rate,
a buffer tank was introduced before the microreactor inlet. After



Fig. 2. (a) Construction of Y-junction microchannel reactor, (b) actual picture of construction of Y-junction microchannel reactor.

Fig. 3. Schematic of the experimental setup.
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flowing through the microchannel contactor, gas and liquid were
separated in a gas–liquid separator. The pressure drop was directly
recorded by two pressure transducers inserted in the gas inlet and
the outlet, respectively. All experiments were conducted under
ambient conditions.

The pattern was recorded by a CMOS high-speed camera
system (BASLER A504kc). The CMOS camera was placed above
the visual window. For avoiding possible heating of the micro-
channel, a cold light source was placed beneath the visual window
to provide strong light. In all experiments, the CMOS camera was
set to work at a recording rate of 1000 frames/s and a resolution of
1280�512 pixels. The shutter time was adjusted between 40 and
80 μs. The region of interest includes the Y-junction and a zone
covers a length from 10 to 23 mm downstream of the Y-junction,
which is marked in Fig. 3(b) as Y and M1, respectively.

2.3. Image processing

The images acquired from M1 zone were used to analyze the
gas bubble and the liquid slug lengths, as well as the gas bubble
velocities. For the measurement of these characteristics, a Matlab-
based program (Matlab R2009b) was developed to process the
images. First, an image was converted to a binary array where
locations associated with the gas bubbles and the liquid slugs
(bright region) are assigned a value of ‘1’ while locations asso-
ciated with the gas–liquid interfaces (dark region) are assigned a
value of ‘0’. After removing contaminants and filling holes, all the
gas bubbles and the liquid slugs in each image can be detected,
and then their locations (centroid location), the gas bubble length
(LB) and the liquid slug length (LS) can be easily determined.
The gas bubble travel distance, which is obtained from two
successive images, is divided by the time interval (1 ms) to obtain
the gas bubble velocities. Due to the lack of the knowledge of the
liquid film thickness, some assumption and simplification were
made to calculate the specific surface area (a) and the gas hold-up
(ε). This will be discussed in the following sections. Under each
operational condition, a sequence of at least 100 images, which
corresponded to 200 to 1000 bubbles, was analyzed and the data
were averaged to obtain the final value. The relative standard
deviation (RSD) of the bubble and slug length did not exceed 4.3%.
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3. Results and discussion

3.1. Bubble formation

3.1.1. Bubble formation
Fig. 4 shows the two kinds of gas bubble generation mechan-

isms in the Y-junction. The squeezing regime was found at lower
liquid velocities. It can be divided into two stages, the filling stage
where the bubble fills the entire channel width, and the squeezing
stage where the bubble neck contracts until pinch-off (Fig. 4a). It is
notable that very long bubbles are formed at large gas–liquid flow
rate ratio which may result in a relatively strong deviation in the
gas bubble length. When the shear stress begins to play an
important role in the break process, the shearing regime would
be expected. Typical images of the shearing regime were demon-
strated in Fig. 4(b) and (c). It is obvious that the emerging gas
bubble only partly blocks the microchannel. Also shown in Fig. 4 is
that for the squeezing regime the gas liquid interface ruptures far
from the Y-junction while much closer to the Y-junction for the
shearing regime. Commonly, the gas bubble ruptures right at the
gas–liquid intersection (Garstecki et al., 2006; Guo and Chen,
2009) while at downstream of the intersection (Guo and Chen,
2009). The different observation here was mainly due to the
Y-type structure. The gas thread was under the impingement of
the liquid inertia or dynamical pressure. As the liquid velocity
increased, the rupture point moved closer to the Y-junction. The
transition from the squeezing to the shearing regime was found to
be mainly influenced by the liquid velocity as shown in Fig. 5,
which was also observed by Yue et al. (2008). However, an earlier
transition happened at 0.2 m/s (jL) compared to their results. This
may result from a much higher aspect ratio of the microchannel
used in this work.

The gas bubble formation period was estimated simply by
recording the time interval between two successive gas bubbles.
The dependency of the gas bubble formation frequency (f) on the
gas and liquid velocities is displayed in Fig. 6. As can be seen, f
increases with increase in the liquid velocity. This can be explained
by the fact that the component of liquid dynamical pressure
normal to the main channel and the shear stress exerted on the
gas bubble tip both increase at higher liquid flow rates. As to the
gas velocity, the effect is less obvious. It is harder for the gas–liquid
interface to rupture at larger gas velocity. However, a larger gas
velocity leads to a higher inertia of the emerging bubble, which
speeds up the rupture process. These two antagonistical effects
make f only slightly increase with gas velocity. At constant liquid
velocity, there is an asymptotic value for further increasing gas
velocity as also observed by Arias et al. (2009). It was explained by
the existence of a limiting scale for bubble generation process,
which is the time needed by the liquid flow to cross a distance of
Fig. 4. Bubble formation in Y-junction in CO2–H2O system. (a) jG=0.356m/s, jL=0.081m/s,
0.592m/s, jL=0.407m/s, We=5.48, Ca=0.0135.
the order of the capillary size (Arias et al., 2009). The bubble
formation frequency versus the gas–liquid flow rate ratio is also
plotted in Fig. 6(b). For a given jG/jL, f increases with the gas
velocity since the liquid velocity increases simultaneously.

3.1.2. Bubble and slug lengths
Fig. 7 shows the evolution of the gas bubble and the liquid slug

lengths as a function of the gas–liquid flow rate ratio at different
gas superficial velocities. For a given flow rate ratio, the bubble and
slug lengths both decrease when the two-phase superficial velo-
city increases. This decrease in bubble and slug size can be
explained by the increase in energy input to the system (Abadie
et al., 2012). Thus, the frequency of the bubble formation greatly
augmented with inertia as shown in Fig. 6. It should be noted that
the dimensionless bubble lengths larger than 9 at high flow rate
ratios were not displayed as less bubbles were captured by the
camera and deviation in length became relatively larger.

Garstecki et al. (2006) proposed a simple model which linearly
scales with the gas–liquid flow rate ratio for the estimation of
bubble lengths. It was developed based on their work conducted
in microchannel at low Ca (o0.01) and Re (o1). van Steijn et al.,
(2007, 2010) improved the model by taking a leakage flow around
the forming bubble in rectangular channels and the inlet geometry
into account as:

LB
W

¼ λ1 þ λ2
jG
jL

ð1Þ

This form originates from the so-called “squeezing regime”,
under which the bubble formation is mainly dominated by
We=1.05, Ca=0.0059, (b) jG=0.476m/s, jL=0.325m/s, We=3.53, Ca=0.0108 and (c) jG=
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pressure difference across the forming bubble as the effects of
shear stress and inertia are negligible compared to the pressure
difference. λ1 refers to the bubble growth in the filling stage and λ2
refers to the interface shrinking in the squeezing stage.

It can be seen in Fig. 7(a) that for a constant gas velocity, the
linear evolution agrees well with the above relationship whereas
the slop λ2 decreases as the gas superficial velocity increases. This
implies the squeezing mechanism no longer applies to the gas
bubble formation process here as the shear stress and inertia effect
play significant roles. According to Garstecki et al. (2006), the
bubble size is determined by the squeezing time dneck/usqueeze.
The slope λ2 stems from the scaling relationðdneck=usqueezeÞ=W�
ugrowth � dneck=W � ðQG=QLÞ � λ2

jG
jL
. As stated before, the inertia of

the emerging gas bubble would speed up the rupture process.
Then the decrease in the slope λ2 could be explained by that the
contribution of the inertia is reflected in a larger ‘usqueeze’ and thus
a smaller λ2. The larger slope at jG¼0.952 m/s may be caused by a
strong shrinkage of bubble area in the cross section of the
microchannel. The shrinkage of bubbles at large gas velocities is
shown in Fig. 11.

The dimensionless liquid slug length as a function of jG/jL is
displayed in Fig. 7(b). The slug length increases with increase in
jG/jL for a given gas velocity, implying a negative relation between
the slug length and liquid velocity. The result presents a different
behavior compared to literatures (Abadie et al., 2012; Hui Liu and
Rajamani, 2005; Laborie et al., 1999; Leclerc et al., 2010; Qian and
Lawal, 2006; Völkel, 2009). Leclerc et al. (2010) reported that the
slug length first decreased rapidly and then kept nearly constant
for increasing QG/QL in a square microchannel. Results from Akbar
and Ghiaasiaan (2006), Hui Liu (2005), Qian and Lawal (2006)
showed a positive relation between liquid velocity and slug length.
Abadie et al. (2012) and Völkel (2009) reported that slug lengths in
rectangular microchannels decreased with increase in jG/jL. Only
parts of Kreutzer et al. (2005c) results included a decline as liquid
hold up increased when the hold up was smaller than 0.3. Clearly,
the situation about liquid slug length is more complex than the
bubble length, for which the tendency is generally clear and
unanimous. To explore the relationship between the slug length
and the liquid velocity, the mechanism of the slug formation
should be studied.

Pohorecki and Kula (2008) proposed a ‘switching’ mechanism
to predict the gas bubble and liquid slug lengths in Y-junction. In
this context the estimate of slug length is based on the assumption
that the slugs and bubbles form alternately that the time for each
phase to break up is equal to the time the other phase needs to fill
the entire channel cross section. Then the slug length should scale
as α−1G . Völkel (2009) suggested that liquid slug length should scale
as jL/jG, which agrees with their data and Abadie et al. (2012).
As the two analyses have certain theoretical basis, the decrease in
slug length as liquid velocity increases may originate from the
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leakage flow in the corners (Harris Wong and Morris, 1995; Kolb
and Cerro, 1993; Völkel, 2009; van Steijn et al., 2007). The amount
of liquid in a slug would reduce even though the liquid flow rate
increases as long as the leakage is stronger. This leakage flow
scales as Ca−1/3 and could be comparable to the bubble velocity
under certain conditions according to the numerical results of
Harris Wong and Morris (1995). Unlike the small influence of the
leakage flow in Völkel's (2009) work, the influence was much
stronger as the flow rates used here were much more larger.
Actually, liquid slug length stops increasing when the liquid flow
rate is small, as specified by the red ellipse in Fig. 7(b), which
means a less significant leakage.

To interpret the bubble lengths with inertia effect in the
present study, a modification of the Gastecki model was proposed:

LB=W ¼ jG=jL þ 1:37We−0:349jG=jL ð2Þ

The power of We is negative, indicating additional influence of
inertia on bubble formation. The comparison of experimental data
with predictions of Qian and Lawal (2006), Sobieszuk et al. (2010)
and Eq. (2) is shown in Fig. 8(a). It should be noted that their data
obtained from circular or square capillaries were normalised by
the hydraulic diameter and compared to the dimensionless bubble
length in this work. In that case, Sobieszuk's correlation agrees
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better than Qian and Lawal's with our results. Experiments of
another fluid pair of N2–H2O were conducted to test the validity of
Eq. (2) and the fitting performance was good.

An empirical correlation for estimating the slug length was also
developed as

LS=W ¼ 1:157β−0:365ð1−βÞ−0:373We−0:208 ð3Þ
where β¼ jG=ðjG þ jLÞ, Eq. (3) shows good agreement with experi-
mental results as shown in Fig. 8(b).

3.2. Film thickness

3.2.1. Bubble shape model
Many researches have focused on the gas bubble shape and the

liquid film thickness in square capillaries or microchannels (Fries
et al., 2008; Kolb and Cerro, 1991; Thulasidas et al., 1995). So far,
experimentally determining film thickness and bubble shape in
microchannels is rather difficult, especially with rectangular cross-
section. In micro devices, the most often used technique to
characterize gas–liquid flow is flow imaging with high speed
camera. A typical flow pattern of slug flow captured by high speed
camera is shown in Fig. 9(b); sequences of a gas bubble and a
liquid slug flow through the microchannel. The darker region is
caused by the strong light reflection of gas–liquid interface, which
is represented as red lines in Fig. 9(a). The darker line around
the bubbles is also due to the curvature of the G–L interface.
The rectangular microchannel used in this work has a large aspect
ratio of 2.68, which is larger than the critical value of 2.04, above
which the transition from nonaxisymmetric to axisymmetric
bubble never happens at any Ca (Hazel and Heil, 2002). The cross
section of the gas bubbles in this work was always nonaxisym-
metric under all experimental conditions. It could be deduced
from images that the width of bright areas inner bubbles (Fig. 9(b))
was always larger than the depth of the microchannel. Based on
these facts, two simple models of bubble shape as shown in Fig. 9
(a) were assumed to calculate film thickness in the corners and
bubble volume, which leads to the determination of gas hold-up in
microchannels. Model 1 assumes that the interface at the corner is
a quadrant and the quadrants are connected by a straight line
while model 2 assumes that the gas–liquid interface is arc-shaped.
Model 1 is suitable for the conditions of low liquid and gas
velocities when the film thickness is thin while model 2 is suitable
for the conditions of thick film at high liquid and gas velocities as
surface tension restores the arc shape due to reduced wall
Fig. 9. (a) Schematic representation of the cross-sectional bubble shape and liquid
film distribution (b) typical slug flow pattern.
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confinement. However, when both models were applied to calcu-
late film thickness in the corners, specific surface area and gas
hold-up, the deviation was rather small. The bubble caps were
treated as spherical caps to calculate the specific surface and the
gas hold-up.
3.2.2. Film thickness
The thickness of film around bubbles in capillaries with circular

cross-section is a function of the capillary number Ca (Bretherton,
1961). Kolb and Cerro (1991) extended this work to square
capillaries and indicated that when Ca was less than 0.1, the
bubble is non-axisymmetric. This transitional value of Ca was later
revised to 0.04 by Thulasidas et al. (1995). Under this condition,
the film thickness in the planes varies very little and could be
assumed to be 0.02DH (Fries et al., 2008; Kolb and Cerro, 1991). The
research results mentioned above were conducted in circular or
square capillaries and are not valid when inertia effects play a
significant role.

The superficial velocities we chose ranged from 0.02 to 0.95 m/s
for the gas and 0.04 to 0.57 m/s for the liquid. Under the experi-
mental conditions, the Ca varies from 0.002 to 0.02, while the We
varies from 0.21 to 12.5 (corresponding relationship shown in
Fig. 10). In this case, the inertial effect cannot be neglected. It was
observed in our experiments that when We exceeded a value about
3.1, the darker region of bubbles were stripped off from the channel
walls, which meant that the film thickness increased greatly. When
these conditions occurred, film thickness at side walls δ2 could be
approximated by counting the pixels between the channel wall and
gas–liquid interface. This phenomenonwas shown in Fig. 11. As can
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be seen, the film thickness increases when either gas or liquid
velocity increases. Increasing the We also changes the bubble
shape. At low velocity conditions, both the bubble caps at the
leading nose and the rear end are symmetric and controlled by the
surface tension. At higher velocities, the bubble nose becomes
more sharpened and the bubble rear more flattened. The whole
bubble looks more like a bullet due to inertia effect.

Based on the discussion above, when calculating the film
thickness in the corners, film thickness δ2 at side walls was set
as 0.02DH at low We values (less than 3.1), and calculated directly
from images at large We values. Data of the film thickness, the gas
hold-up and the specific surface area presented in this paper for
analysis were obtained using model 1 in the first case and using
model 2 in the second case. At all conditions, film thickness δ1 at
top and bottom planes was set as 0.02DH.

Results of the film thickness are plotted against Ca, together
with correlations from literature, in Fig. 12. Film thickness at the
corner is well predicted by correlation given by Han and
Shikazono (2009a) and Kreutzer et al. (2005a) at low Ca
(o0.01). Under this regime, the liquid film thickness increases
slightly as Ca increases. A little over-prediction can be explained by
rectangular microchannel used here. However, when Ca moves to
a larger region, the Kreutzer correlation strongly underestimates
the experimental data. Note that the Kreutzer correlation was
obtained by mathematical fitting data from Hazel and Heil (2002),
Kolb and Cerro (1991), Kreutzer et al. (2005a), Thulasidas et al.
(1995) for square capillaries. The upper limit (Ca-0, Cao0.01)
was based on the data of Thulasidas et al. (1995) alone with
working fluid of water and air. The rest of the data were all silicone
oil of high viscosity (Kolb and Cerro, 1991; Thulasidas et al., 1995)
or simulation results from Hazel and Heil (2002). These results all
excluded significant effect of inertia, which could be the explana-
tion for the poor prediction at high Ca values. The correlation from
Han and Shikazono (2009a) embodies the effect of inertia by
introducing We as proposed by Aussillous and Quéré (2000).
At relatively low Ca with small inertia, the correlation agrees well
with Kreutzer et al. (2005a). As the Ca increases, the film thickness
shows larger increase due to the inertia effect. The film thickness
in the corners could be as large as 124.4 μm. The thickening effect
of inertia in this work was much larger than in the work of Han
and Shikazono (2009a). It may be ascribed to the rectangular
cross-section as Hazel and Heil (2002) showed that the fluid was
driven from the horizontal planes towards the vertical planes.

The liquid film thickness at side walls were displayed only
when bubble detachment occurred, that was when We was larger
than 3.1. Large deviation from literature was also observed.
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Fig. 12. Film thickness against capillary number.
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The liquid film thickness data scatter very much. This is due to the
different contribution of liquid and gas velocities to the film
thickening effect. As shown in Fig. 11, the film thickening can be
directly observed as gas velocity or liquid velocity increases. The
model by Bretherton (1961) and the Taylor's law (Aussillous and
Quéré, 2000) both scale with Ca2/3 for visco-capillary regime in
circular capillaries. Under visco-capillary regime, the gas–liquid
interface was governed by capillary forces and surface tension
while the inertia effect was neglected. The inertia effect on the
film thickness here was also much stronger than that in circular
capillaries (Aussillous and Quéré, 2000), as shown by triangular
symbols in Fig. 12.

Since inertia and geometry play important roles in gas–liquid
flow in rectangular microchannels, these results are reasonable.
Many simulation results have indicated that under slug flow, wall
pressure increases drastically when a bubble passes through
(Abadie et al., 2012; Kreutzer et al., 2005a). In square tubes, the
fluid particles tend to move towards the corners, which offer less
resistance to the flow than the thinner regions along the walls of
the tube (Hazel and Heil, 2002). As to the rectangular microchan-
nel with large aspect ratio, the tendency is more obvious. The gas
and liquid continuously flow into the microchannel continuously
through a Y-junction in the present study. Increasing the super-
ficial velocity of gas or liquid would both have an influence on flow
behavior and the liquid film thickness. This kind of operating
mode was different from the work by Aussillous and Quéré (2000)
and Heil (2001), which involved semi-infinite bubble propagation
process.

3.3. Bubble velocities

During slug flow, bubbles are surrounded by a thin film region,
which isolates bubbles from the channel wall. The bubble velo-
cities determine the residence time of the reaction material in the
microchannel reactor. Bubbles generally move faster than the
velocity of the liquid in the slug, which is usually expressed as
two-phase superficial velocity for simplicity (Abiev, 2008). Apply-
ing volume continuity leads to the equation:

UBAB þ UfilmAfilm ¼ jTPAmc ð4Þ
Thus, the bubble velocity is derived as

UB ¼
Amc

AB
jTP−

UfilmAfilm

AB
ð5Þ

If the velocity of the liquid film can be neglected, the bubble
velocities should be linear with respect to the two-phase super-
ficial velocity:

UB ¼
Amc

AB
jTP ð6Þ

Fig. 13 displays the measured UB from images as a function of jTP
for the rectangular microchannel. It can be observed that the
bubble moves faster than the liquid in the slug, which is more
obvious at higher velocities. Also shown in Fig. 13 is the linear
relationship between bubble velocity and the total superficial
velocity as indicated by Eq. (6). This linear relationship was
observed in many literatures (Abadie et al., 2012; Choi et al.,
2010; Taha and Cui, 2004; Yue et al., 2009), which usually
explained the relationship with stagnant film hypothesis that the
liquid film velocity is negligible. The slope of the regression line
(red line) was determined to be 1.12, which is comparable with
Choi et al. (2010). However, it is only a mean value of the
experimental conditions since Amc/AB did not keep constant. The
bubble area decreases when the liquid film in the corner or at side
walls thickens in cases gas and liquid velocity increase, as
discussed in part 3.2.
Since the bubble shape models were proposed, the bubble area
AB and Amc/AB could also be calculated. With the assumption that
the liquid film velocity was negligible, the bubble velocity was
estimated from Eq. (6). The comparison between the estimated
and determined velocities is plotted in Fig. 14. It can be seen that
the experimental data agree well with the predictions of Eq. (6) at
low We numbers. However, the predicted value deviates from the
experimental bubble velocity at higher We numbers. This again
implies that a relatively significant bypass flow exists in the
corners (Harris Wong and Morris, 1995; Kolb and Cerro, 1993).
With a large aspect ratio, the fluid is driven to the side walls and
the corners for the larger flow resistance at the top and bottom
walls with thinner film. Thus, when the liquid film around the
bubble thickens at high We numbers, the bubble area in the cross-
section reduces, which should lead to a higher Amc/AB at high
velocities. A bypass flow could offset this augment in Eq. (6).

3.4. Gas hold-up and void fraction

The volumetric gas hold-up (ε) and void fraction (α) are
important parameters in gas–liquid two phase flow as they are
indicative of the flow regimes and heat or mass transfer. Also gas
hold-up is usually used to evaluate accelerational terms in the
total pressure drop of gas–liquid flow (Yue et al., 2008, 2009).
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There are already plenty of literature studies that consider void
fraction in small/micro- capillaries or channels (Choi et al., 2011;
Chung and Kawaji, 2004; Ide et al., 2007; Kawahara et al., 2009, 2011,
2005; Saisorn and Wongwises, 2009, 2010, 2011; Xiong and Chung,
2007; Yue et al., 2008). Generally, the void fraction correlation for
microchannels as a function of volumetric quality (β) can be classified
to two types: linear relationship of Armand-type α¼CAβ and non-
linear relationship of α¼C1β

0.5/(1-C2β0.5). An interesting phenomenon
arises when simply summarizing these reported results in micro-
channels with diameters less than 1.0 mm. It seems that the Armand-
type correlation describes well the void fraction for circular capillaries
when the inner diameter is larger than 0.2 mm, while the non-linear
correlation describes well for smaller capillaries (Chung and Kawaji,
2004; Kawahara et al., 2005; Saisorn and Wongwises, 2010). In square
microchannels, the situation is more complex as the experimental
data is scarce and deviates from each other (Kawahara et al., 2011;
Xiong and Chung, 2007; Yue et al., 2008). However, Xiong and Chung
(2007) found a tendency from linear to non-linear correlation when
channel size decreased, which is in accordance with circular capil-
laries. This implies a stronger velocity slip between two phases in
smaller capillaries. In rectangular microchannels (Choi et al., 2011) the
void fraction all correlates well with volumetric quality in Armand-
type correlation but the size effect on the coefficient CA is not clear.
Their work showed a negative relationship between the coefficient CA
and aspect ratio instead of hydraulic diameter.

In this work, the void fraction was calculated using the simple
relation Eq. (7) and the gas hold-up in the M1 zone was
determined by calculating the total gas bubble volume with the
bubble models.

α¼ jG
UB

ð7Þ

The results and comparison with literature are displayed in
Fig. 15. It can be seen that both the gas hold-up and the void
fraction follow the Armand-type correlation. It is interesting that
the gas hold-up and the void fraction agree reasonably well
considering the experimental error and idealization of the models.
The coefficient CA was determined to be 0.914 and 0.899, respec-
tively, which was in accordance with the results of Choi et al.
(2011), with respect to the aspect ratio.

3.5. Specific surface area

One of the main advantages of microreactors is the significant
intensification of the mass transfer with large specific surface area
(Yue et al., 2007). As in conventional gas–liquid contactors,
chemical and physical methods can be applied to determine the
specific surface area in microreactors. When applying chemical
methods, mainly with fast reactions, several issues should be
carefully dealt with. The inlet and outlet effect should be elimi-
nated or accounted for Yue et al. (2007). Another important issue
lies in the proper selection of material concentration to ensure
that the operation condition along the microchannel fulfills the
working criterion of the methods (i.e. fast reaction). The specific
surface area of slug flow in microchannel includes the bubble
lateral (film) and cap interfacial area. So to avoid the film satura-
tion is of importance to obtain the actual surface area, because the
film saturation would make the mass transfer through the lateral
film inactive.

Fig. 16 shows the calculated specific surface area from captured
images based on the assumed models. Under the experimental
conditions, a varies from 3500 to 7200 m2/m3, which is within the
range of data reported by Sobieszuk et al. (2011), Yue et al. (2007).
As can be seen, a decreases with increasing liquid velocity or
decreasing gas velocity. This is mainly due to the reduction of
bubble length. The effect of gas velocity becomes less obviously
above a certain value. As stated before, the increase in bubble size
is slowed down when increasing gas velocity leads to a faster
bubble generation process because of the inertia of forming
bubble. Moreover, the film thickness also increases when inertia
plays significant effect, making the bubble area decreases. The two
effects hinder the specific surface area from further increasing at
higher gas velocity.
4. Conclusions

This paper provides a glimpse into the behavior of gas–liquid
slug flow under operating conditions where the flow rates are
relatively high and inertial effects are non-negligible. Such infor-
mation is important to understand the gas–liquid mass or heat
transfer and reaction in microchannels, which are the basic for the
use of microreaction technology in chemical industries.

The study has focused on the characteristics of slug flow with
inertia effects in a rectangular microchannel with Y-junction.
Visualization experiments using a high speed camera has been
performed to study the frequency of gas bubble generation, the
gas bubble and liquid slug lengths, the liquid film in the corners
and at the lateral side walls, bubble velocities, the gas hold-up and
specific surface area. This work highlights the inertia effect on the
forming bubble during bubble formation under shearing regime.
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Unlike the ‘squeezing mechanism’with negligible inertia proposed
by Garstecki et al. (2006), the main driving force for the pinch of
the bubble thread is the liquid dynamic pressure and shearing
stress exerted on the bubble, as well as the inertia of the emerging
bubble. These factors result in increased frequency of bubble
formation either when gas or liquid velocity increases. A revision
of Garstecki model considering the inertia was proposed for the
estimation of bubble length and shows relatively good agreement
with experimental data. The new correlation allows a prediction of
the gas bubble and liquid length under relatively large velocities,
which is more common in the chemical industrial applications. The
behavior of slug flow in rectangular channels must be different
from that in circular channels since the corners significantly affect
the whole flow behavior, especially in channels with large aspect
ratio. Contrary to many researches, the slug length here decreases
with increasing liquid velocity. This phenomenon together with the
over prediction of bubble velocities from stagnant film hypothesis
at high two-phase superficial velocities imply a strong leakage flow
in the corners.

Based on the two dimensional image of bubbles, two simple
models were assumed to calculate the film thickness in the
corners, gas hold-up and specific surface area. Increasing gas
velocity or liquid velocity would both lead to increase in the liquid
film thickness. As described by Aussillous and Quéré (2000), Heil
(2001), Kreutzer et al. (2005b), inertia has an effect on the film
thickness. The thickening effect of inertia in this system was much
stronger at high We that the thickening could be directly observed
from the images. The void fracton and the gas hold-up under
experimental conditions were found to follow the Armand-type
correlation with the coefficient to be 0.914 and 0.899, respectively.
The specific surface area shows a similar tendency to the gas
bubble length, which increases with reducing liquid velocity or
increasing gas velocity. However, the increase rate slows down at
higher gas velocities.
Nomenclature

a specific surface area, m2/m3

A cross-sectional area, m2

Ca two phase capillary number defined by (¼ μLjTP=sL),
dimensionless

DH Hydrodynamic diameter, μm
F bubble frequency, Hz
J superficial velocity, m/s
Q flow rates, mL/min
U velocity, m/s
W channel width
We two phase Weber number defined by (¼ ρLu2DH=sL),

dimensionless

Greek letters

α void fraction, dimensionless
β gas volumetric quality, dimensionless
δ film thickness, μm
λ1 constants in Eq. (1)
λ2 constants in Eq. (1)
ε gas hold-up, dimensionless

Subscripts

B bubble
G gas
L liquid
S slug
Mc microchannel
TP two phase
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