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The leakage flow is that liquid does not push gas bubbles and leaks through the channel corners. This leakage flow was
confirmed by tracking particles moving in the liquid film with a double light path method and was quantified by tracking
the gas—liquid interface movement. The results show that leakage flow varies during bubble formation process. The
average net leakage flow Qo1 10ar in a bubble formation cycle at T-junction can be as large as 62.4% of the feeding lig-
uid flow rate, depending on the liquid properties. Q,oricar fOr regular flow at main channel is much smaller, ranging
from about 0 to 30% of the feeding liquid flow rate. The difference between the two leakage flows would lead to an
increase in liquid slug length after generation. Finally, the effects of parameters such as phase flow rates, surface ten-
sion, and viscosity were investigated. © 2015 American Institute of Chemical Engineers AIChE J, 61: 3964-3972, 2015
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Introduction

Multiphase transport in microchannels or porous media is of
significant importance in many areas, such as microchemical
engineering,l’2 on-chip microfluidic analysis,3’4 oil recov-
ery,5 6 CO, sequestration,7’8 and fuel cells.” At the small scale,
interactions between immiscible phases are mainly dominated
by surface forces. Therefore, manipulating gas bubbles or lig-
uid droplets in microchannels is much easier than in large
scale systems. Up to now, many efforts have been devoted to
studying multiphase transport phenomena in microchannels. A
common and mostly studied flow pattern is the gas-liquid slug
flow, which consists of enlongated gas bubbles and liquid
slugs. Uniformly generated gas bubbles and liquid slugs move
alternatively in the channel. If the liquid wets the wall, a thin
liquid film zone isolates the bubble from contacting channel
wall.'” So gas bubbles are separated from each other while lig-
uid slugs are connected by the liquid film. Such segmented
flow can greatly reduce axial back-mixing while enhance
radial mixing due to the recirculation pattern in the liquid
slugs,'" which is very beneficial for mass and heat transfer.

Plenty of studies on gas—liquid slug flow have yielded con-
siderable insights into understanding the transport behavior,
including bubble formation process,'>™"* bubble shape and lig-
uid film distribution,'%!'>-16 pressure drop,”f19 recircula-
tion,2>?! and mass transfer.?>™>> Although these studies can
provide good guidance for reactor design, there are many
problems remaining unsolved and a full understanding of the
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slug flow characteristics is still rather difficult. Among these
problems, an important one is the liquid film flow and its quan-
tification. Liquid film distribution around gas bubbles is
strongly affected by channel cross-section. In circular capilla-
ries, thickness of liquid film is usually very thin (~ Ca?Py*27
and cylindrically symmetric. Therefore, film velocity can be
neglected as dissipation of mechanical energy is much higher
than in the bulk. An enlongated gas bubble acts like a tight-fit
piston. In rectangular capillaries, gas bubbles behave as leaky
pistons as they do not fill the corners due to surface tension.
The liquid that bypasses gas bubble through the corners leads
to liquid film flow, which is defined as leakage flow hereafter
in this work. Leakage flow is an important parameter that
influences bubble formation process,”® bubble and slug
length,m’15 and bubble Velocity.]9’29’3o As to mass transfer,
leakage flow can increase the liquid renewal rate in the film,
thus, avoiding the ineffectiveness of liquid in the lateral zones
of gas bubbles.”!

There are only a few studies that predict the leakage flow in
rectangular microchannels. Fuerstman et al.' observed a piece
of debris appearing behind and in front of a gas bubble during
a sequence of frames, implying some liquid moved through
the corners at velocities larger than bubble velocity. They also
found that the presence of surfactant can significantly reduce
the bubble velocity by up to 50%. Luo and Wang™* investi-
gated liquid flow pattern around Taylor bubbles using particle
tracking method. Their experiments showed that liquid near
bubble rear were engulfed into corners and liquid near bubble
head were jetted out rapidly. The maximum particle velocities
they measured were about 3.6 times larger than the bubble
velocities. Kinoshita et al.>* studied three-dimensional flow
field inside water droplets for water—oil segmented flow and
found flow near channel wall directed backward while flow
near the four corners directed forward in the reference of the
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droplets. The results indicated that the immiscible fluids at the
two sides of the interfaces can slip freely to some extent,
which also shows the continuous phase in the corners flows at
a relative large velocity. In fact, the leakage flow had been
paid close attention to back in 1995. Wong et al.?® determined
theoretically the leakage flow to scale as Ca ' with
extremely low Ca and negligible viscosity. Recently, this
theory was used to explain the droplet velocities by Jose and
Cubaud.” Compared to the leakage flow of regular slug flow
at main channel, much less research has been focused on the
leakage flow during the formation of gas bubbles. van Steijn
et al."? observed that liquid near bubble interfaces moved into
the corners much rapidly during the formation of gas bubble
using p-PIV. Through tracking the interface movement in the
squeezing stage, the leakage flow was roughly quantified to be
about 10-24% of the feed liquid flow rate. With similar
method, we compared the leakage flow at different system
pressures and found that the leakage flow rate increases with
the increase in system pressure.'* The above literatures cer-
tainly predicted the leakage flow in rectangular microchannels,
whereas they also reveal that the leakage flow in the corners
has not been directly observed and the quantified information
is lacked.

This work aims at improving the understanding of the leak-
age flow both during the bubble formation process at the junc-
tion and during the gas-liquid slug flow at the main
microchannel. The leakage flow is qualitatively and quantita-
tively investigated. The effect of liquid properties on the leak-
age flow will also be presented.

Experimental
Microfluidic device and experimental setup

The microchannel contactor used in this work was fabri-
cated in a transparent PMMA plate by precision milling (fabri-
cation tolerace: 10 um) and sealed by another PMMA plate.
The inlet configuration of the microchannel is T-shaped junc-
tion, as shown in Figure 1. All the channels, including the
inlets and main channel, have the same square cross section of
600 um (width) X 600 um (depth). The length of the gas inlet,
liquid inlet, and mixing channels are 30 mm, 30 mm, and
60 mm, respectively. Both gas and liquid were delivered by
two microsyringe pumps (LSP02-1B, LongerPump). The poly-
ethylene tubes connecting the pumps and inlets have a length
of 150 cm and inner diameter of 2.0 mm. Two check valves
were used before the gas inlet and liquid inlet, respectively. In
this way, pressure fluctuations at the T-junction will not affect
the feeding flow rate. The working fluids were air and different
aqueous solutions shown in Table 1. The static contact angle 0
was measured with an optical measuring device (OCAIS,
Dataphysics, Germany). All experiments were conducted at
atmosphere pressure and room temperature. According to the
pressure drop model proposed by Yue et al.,’ the pressure
drop over the entire microchannel reactor varied from 57.3 Pa
to 1314.6 Pa, so the compressibility effect of gas could be
neglected.

To find direct evidences of leakage flow, an experimental
setup was designed to observe the liquid flow in the channel
corners. As shown in Figure 1, two light beams were used to
lighten the flow pattern. Besides the light source placed below
the channel plate, another light source was placed at the side
direction. As the interface near the channel corners was
curved, the light beam from light 2 could be reflected to the
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Figure 1. Schematic of the T-junction microchannel.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

camera lens. This light intensity has to be very strong for only
a small fraction of light can be reflected. Polystyrene particles
with diameter of about 9 um were added into 0.14% SDS solu-
tion to trace the flow characteristics.

Methodology for quantification of the leakage flow

A cycle of bubble formation includes a filling stage and a
squeezing stage. In the filling stage, the bubble tip penetrates
into liquid phase and moves forward until contacting the chan-
nel wall on the opposite side. During this stage, the channel
width is not blocked and liquid can flow through the gap
between the bubble and the channel wall with relative ease. In
the squeezing stage, the channel width is almost blocked by
the growing bubble. So liquid has to flow through the channel
corners. This part of liquid flow is defined as the leakage flow.
The other part of liquid that does not flow around bubble
pushes gas—liquid interface downstream until pinch-off. It is
defined as the upstream flow. Continuity of liquid indicates
that the feed liquid flow rate (Q;) equals the plus of the leak-
age flow rate (Qjcax) and upstream flow rate (Q,p)

QL :Qleak +Qup (1)

Q.p can be well estimated from the interface movement due
to the squeeze of liquid. As the interface moves forward, the
liquid volume upstream of the bubble (V(t)) increases and
instaneous Q,,, is calculated as dV,y/dt. In any period, the
average O, is given by

_ 1 r Vi . Vip

tg_vup‘tl
Hh—Hh

(@3]

Accordingly, for a complete formation cycle, the overall
mean Q,, can be calculated

Table 1. Physical Properties of SDS and Glycerol Solutions
at 30°C**%

SDS content/ wt % Glycerol content/ wt %

0.042 0.087 0.14 5 30 50
plkgm 995.6 995.6 995.6 1000.8 1068.7 1120.9
w/mPa s 0.80 0.80 0.80 0.91 1.87 4.21
o/mNm ' 623 54.9 34.7 70.1 69.2 67.6
or 60 56 53 69 67 65
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Figure 2. (a) A unit containing a gas and a bubble (b) Cross-section of gas bubble.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Actually, this value is the volume of originally generated
slug divided by formation period. So it can be simply calcu-
lated by
Vslug

T

The leakage flow defined here consists the liquid that flows
at the same pace with bubble, so the amount of the net leakage
flow that passes bubble is smaller and can be calculated as

Viilm
T

0= )

Qnet-leak = QLea.k - (5)
where Vi, denotes the volume of liquid film around gas bub-
bles. Combining Eqs. 1 and 4, Eq. 5 is further written as

Vslug + Vfilrn

Qnet-leak = QL - T

(6)
where Vi, denotes the volume of liquid slug. This relation-
ship can be better understood with the concept of unit cell
shown in Figure 2a. Vo + Viim then denotes the total amount
of liquid in a unit cell.

To quantify the net leakage flow, it is necessary to
know the gas bubble volume. A model of bubble cross
section was proposed to estimate them. As shown in Fig-
ure 2b, the model assumes that the interface at the corner
is a quadrant. The radius of the quadrant can be directly
calculated from captured 2-D images as the width of the
black area, because the black area was caused by the
strong light reflection.'® The film thickness near the chan-
nel wall center was predicted using the correlation from
Aussillous and Quéré?’

) 0.67Ca*?

=0 7
Dy 1+3.35Ca @

The bubble caps were treated as two hemispheres with a
radius of 0.5Dy-0. Therefore, the bubble volume can be calcu-
lated as

Ve=((—4)12+ (Dy—26)?)(Ls —Du) + %n(o,SDH—af

Then, the net leakage flow was obtained using the following
equation

(Lg+Ls)D%—Vp

Qnet-leak = QL - T

C))
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The Qperteak during bubble formation and at the main chan-
nel were calculated when the original and final slug length
were used, respectively.

In Figure 3, a typical bubble formation cycle from the
squeezing stage to the filling stage was presented. The experi-
ment was conducted using 0.14 wt % SDS solution and air, at
a liquid flow rate of 0.3 mL/min and a gas flow rate of 0.6 mL/
min. The area marked with green showed how V, at different
times in the cycle was calculated. The estimate would be exact
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Figure 3. (a)-(e) Photographs of a bubble formation
cycle. (f) Evolution of estimated instaneous
liquid volume and upstream flow rate Q,,/Q,.
Qz=0.6 mL/min, Q_=0.3 mL/min, 0.14%
SDS solution as liquid phase, T = 144 ms.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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t=8.6 ms

t=129 ms

Figure 4. Leakage flow during bubble formation at the
T-junction (see video 1 in the Supporting
Information).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

if the bubble curvature in depth-wise direction is constant,
which could be speculated from 2-D images for most frames
except when the bubble neck shrinks drastically. Instaneous
Vup and Q,p/01, were plotted as a function of time in Figure 3f.
It can be seen that the evolution pattern is clearly distinguished
as two different parts, which correspond to the squeezing and
filling stage, respectively. The squeezing stage can further be
divided into three substages. The first one is the start of the
squeezing stage during which only the bubble tip moves for-
ward after contacting the wall while the bubble neck has the
largest width and keeps almost stationary, as shown in Figures
3a, b. As a result, V;, also keeps almost constant. In the sec-
ond substage, the bubble neck is squeezed by the liquid
upstream and shrinks gradually. It was observed that V,
increases linearly with time. In other words, the instaneous
Q,p is constant at the stage. However, the instaneous Q,,, is
only about 50% of the feed flow rate Q;. When the process
proceeds into pinch-off stage, the bubble neck shrinks drasti-
cally, leading to a sudden jump in Figure 3f. Therefore, the
calculation of V, was difficult to determine accurately, thus,
Qup was not presented. But it could be deduced that Q,
increased drastically during this stage. In the squeezing stage,
the blockage of the liquid leads to an increase of pressure
(~0(10%) Pa) in the liquid upstreamm’37 and the average O,
is much less than Q;. In the filling stage, when the bubble
neck pinches off, the accumulated pressure is suddenly
released and instaneous Q,, reaches its maximum value of
2.10;.. Then it keeps decreasing to approximate zero until the
bubble tip of next cycle approaches the channel wall.
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According to Eq. 2, the overall mean Q,, in the squeezing
stage was calculated as 0.112 mL/min, which only counted
about 37.3% of Q. However, the overall mean Q,;, in the fill-
ing stage was much larger than Qp, which counted about
138.3% of Qp. The phenomenon suggests much liquid was
blocked in the feed line and neither pushed the interface nor
leaked through the corners during squeezing stage. Since lig-
uid at atmospheric pressure was nearly incompressible, it may
be caused by the fact that the plastic feeding tube was inflated
due to increased pressure or the liquid filled some void in the
feed line. Therefore, it induces large error to calculate leakage
flow if only interface movement in the squeezing stage is
included.'>' However, for a whole formation cycle, the cal-
culation would be exact because the flow situations at the start
and end of the cycle are all the same, as shown in Figures 3a,
e. The overall mean Q,, was about 0.214 mL/min (71.3% of
Qp), indicating about 28.7% of O leakage flow happened.

Results and Discussion

Evidences of leakage flow at the T-junction and at the
main channel

Figure 4 shows tracking of some particles flowing through
the channel corners during bubble formation with the double
light path method. The bright area in the dark zone was light-
ened by the side light beam and polystyrene particles moving
in the corners could be observed. As can be seen, moving
behavior of the particles near gas—liquid interface was rather
different from each other.*” Particles can either move slower
or much faster than the bubble tip. These particles with larger
velocities were finally sprayed out at different locations in
front of the bubble tip. And also, some particles were attached
on the interface and thereafter moved at the same pace with
the interface. Particle 4 may be one of that kind of particles as
its trace disappeared after engulfed in the dark area. The phe-
nomena indicate that there is a large velocity distribution in
the corners. The particle velocities were calculated to compare
with bubble velocities. Amazingly, the maximum particle
velocity observed was about 10 times the bubble velocity,
indicating significant amount of liquid passed by the emerging
bubble, acting as leakage flow.

Particles moving through the channel corners at the main
channel were also observed. Figure 5 shows three polystyrene
particles marked with red circles moving at different velocities.

t=0 ms

t=3.6 ms

c =92 ms

Figure 5. Leakage flow at the main channel (see video
2 in the Supporting Information).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6. Schematic showing of the recirculation and
leakage flow.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

As can be seen, particle 1 approached and outstripped particle 2
quickly, indicating a large velocity distribution in the corners,
too. Interestingly, it was observed that the trajectories of poly-
styrene particles moving in the corners were always straight.
The average velocity of particle 1 was 131 mm/s, which was
more than double the bubble velocity (60.6 mm/s). This sug-
gests that there was also a significant amount of leakage flow
occurred through the channel corners. It is interesting to note
that we conducted similar experiments in a circular quartz capil-
lary, but no obvious moving particles in the film were observed.
As the ratio of maximum particle velocity to bubble velocity
was larger at the T-junction, one may infer that the leakage
flow at T-junction is larger than at main channel.

An important aspect of the leakage flow is related to the
fluid transport near the gas—liquid interface. The liquid near
the centerline moves faster than the gas bubble. Therefore,
they have to change direction when catching up the bubble
rear. In the reference frame of the bubble, this turns into recir-
culation flow.?>*° Many researches have been devoted to
investigating the flow field near bubble interface,'>2°%% put
very few related to the leakage flow. According to the particle
moving behavior, a sketch of the leakage flow was given in
Figure 6, which qualitatively illustrates how neighbor liquid

t=0ms

t=36 ms

t=136 ms

t=172 ms

e s = t=174 ms

Figure 7. The leakage flow at T-junction leading to
increasing of the liquid slug length.
Qg = 0.3 mL/min, Q_= 0.3 mL/min, 5% glyc-
erol solution as liquid phase.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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slugs exchange material through leakage flow. Due to the pres-
sure drop over the gas bubble,?® liquid is engulfed from near
bubble rear into the corners and is driven out to the liquid
bulk. During this process, the fluid velocity can be several
times larger than the bubble cap.’® After sprayed out, the lig-
uid finally joins the recirculation liquid in the neighbor slug
under the push of recirculation. Through this way, exchange
of the fluid between neighbor slugs occurs and axial mixing is
enhanced.

Another phenomenon also verified that considerable amount
of leakage flow bypassed the gas bubble at the T-junction.
That is, the liquid slug length still increases a lot after the slug
is generated. As shown in Figure 7, the liquid slug length
increased more than 100% during the squeezing stage (Figures
7Ta—d). After the emerging bubble of next cycle completely
blocks the channel width, the liquid slug length would then
keep constant. This phenomenon verifies the speculation that
leakage flow during bubble formation is larger than that at
main channel. The degree of increase in the liquid slug length
directly shows the difference between the leakage flows at the
two locations. When the difference is large, the amount of
bypassed liquid during bubble formation cannot be balanced
by the leakage flow at the main channel; a part of the liquid
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Figure 8. The effect of surfactant concentration on the
upstream liquid flow (a) instaneous upstream
liquid volume (b) instaneous upstream liquid
flow rate. Qg = 0.6 mL/min, Q_= 0.4 mL/min.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 9. The effect of glycerol concentration on the
upstream liquid flow (a) instaneous upstream
liquid volume (b) instaneous upstream liquid
flow rate. Qg = 0.6 mL/min, Q_ = 0.2 mL/min.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

has to push the bubble forward and generates much longer lig-
uid slug. In this way, the flow fluctuation due to bubble gener-
ation is dampened downstream.* The mechanism is pretty
important for the flow stability in the main channel.

Upstream flow Q,,, at the T-junction

The effect of viscosity and surface tension on the upstream
liquid flow was studied. Sodium dodecyl sulfonate (SDS) and
glycerol were used to adjust the surface tension and viscosity,
respectively. The physical properties of the solutions used are
displayed in Table 1. Figure 8 shows the comparison of the
upstream liquid flow with different SDS concentrations. It can
be seen that larger Q,, in squeezing stage was obtained with
higher SDS concentration while smaller Q, in filling stage
was obtained. But the difference is relatively small. As to the
effect of viscosity, the influence is much larger, as shown in
Figure 9. Q,, in the squeezing stage increases with the
increase in viscosity. However, the difference in O, in the fill-
ing stage is not significant. Another interesting phenomenon is
that higher viscosity leads to both shorter start stage and linear
moving stage in the squeezing stage, resulting in smaller bub-
bles.*” The results here suggest that leakage flow is reduced
when liquid is more viscous, as predicted by Wong et al.>°
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Net leakage flow at the T-junction and at the main
channel

Figure 10 shows the evolution of the net leakage flow as a
function of liquid flow rate for different gas flow rates. The
filled symbols represent the net leakage flow during bubble
formation at the T-junction and the open symbols represent
the net leakage flow for regular slug flow at the main channel.
It can be seen that both the two net leakage flows increase
with liquid flow rate and decrease with gas flow rate. This is
because either higher liquid flow rate or smaller gas flow rate
leads to shorter gas bubble which is easier for liquid to bypass.
The results also show that the net leakage flow at the
T-junction is always larger than that at the main channel. To
fulfill the liquid continuity, the length of liquid slugs has to
increase for a certain time as discussed above. For 5% glyc-
erol, the net leakage flow at T-junction occupies about
17.1-62.4% of the feeding liquid flow, whereas at main chan-
nel it is only about 3.3-18.3%, as shown in Figure 10a. The
difference between the two leakage flows is very large, leading
to a large relative increase in liquid slug length (ALg/Ls). For
0.14% SDS solution, the two leakage flows range from 7.9%
to 42.5% and 6.0% to 30.0% of the feeding liquid flow,
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Figure 10. The effect of flow rates on the net leakage
flow during bubble formation at the
T-junction and for regular slug flow at the
main channel.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 11. The effect of (a) surfactant concentration
and (b) glycerol concentration on the net
leakage flow at the T-junction and at the
main channel.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

respectively. The difference between the two leakage flows is
much smaller.

From Figure 11a, it can be seen that higher surfactant con-
centration can lead to larger net leakage flow. The net leakage
flow firstly increases rapidly and then increases a little when
SDS concentration is added from 0.042% to 0.014%. For sur-
factant concentration, there are two antagonistic effects. As
the pressure drop across a gas bubble is the main drive for the
leakage flow,?® lower surface tension is obtained with higher
surfactant concentration and then reduces the leakage flow.?°
Conversely, large amount of surfactant molecules adsorbed on
the gas—liquid interface make the interface more rigid. This
may be beneficial for leakage flow, as observed by Fuerstman
et al.'? It seems that the latter factor should be dominant in the
experiments, leading to the results shown in Figure 11a.

Figure 11b shows the effect of viscosity on the net leakage
flow. Since the corners are affected by larger viscous forces
than channel center regions,’ the effect of increasing liquid vis-
cosity on the flow resistance of leakage flow is larger. There-
fore, increasing glycerol concentration can significantly reduce
the leakage flow. For different glycerol solutions, the net leak-
age flow at main channel is always very small and the effect of
glycerol concentration is not obvious, as shown in Figure 11b.
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From Figure 11, it can also be seen that both higher SDS and
glycerol concentration will reduce the difference between the two
leakages at the T-junction and at main channel. But the mecha-
nisms are different. Increasing SDS concentration increases both
the two leakage flows and the leakage flow at main channel
increases at a larger content. On the contrary, the leakage flow at
T-junction decreases more than at main channel when increasing
glycerol concentration. Generally, the difference between the two
net leakage flows for SDS solutions is smaller than for glycerol
solutions under experimental conditions.

The effect of leakage flow on liquid slug length

As stated before, the leakage flow at T-junction is always
larger than that at main channel. Therefore, the liquid slug
length will always increase after the slug is generated. The
influence of leakage flow on the slug length increase can be
observed by plotting the relative increase of liquid slug length
ALg/Lsq vs. the difference between the two leakage flows
AQ et1ea/Or- The results are shown in Figure 12. As can be
seen, two regions are identified. Region-1 happens when the
channel wall at T-junction is well wetted. The bubble neck
ruptures right at the T-junction and then the bubble tip retreats
back to the gas inlet channel, which can be more clearly seen in
Figure 3. In this region, AQpeijear/QL is smaller than 25% and
the corresponding ALs/Lsq increases slowly with AQ,c1ea/O1 -
Region-2 happens when the channel wall at T-junction is poorly
wetted. AQ er1ea/Or 1s much higher and ALg/Lg increases rap-
idly. For poorly wetted condition, the bubble neck ruptures at
downstream the T-junction. The new bubble cap has a tendency
to adhere to channel wall surfaces and does not retreat back, as
shown in Figure 7. Similar observation was reported by Jose
and Cubaud® recently. It is much more difficult for upstream
liquid to push the emerging bubble to move forward since it has
to scrape the liquid attached to the channel wall. Then upstream
liquid has to leak through the corners, leading to very large
ALs/Lso. In the present study, the very poor wetting condition at
T-junction is a metastable state and only occurred with 5%
glycerol solution at very small flow rates. Increasing gas or lig-
uid flow rates, glycerol concentration, and SDS concentration
would largely improve the wetting condition.

250
W 0.14% SDS
@ (0.087% SDS
200 A0.042% SDS
X 5% glycerol
5 150 X 30% glycerol
) 0 x
= + 50% glycerol
3 . .
o 100 Region-1 Region-2
3 v =153 y =5.43x93
. = ¢
0

0 10 20 30 40 50 60

AQ ncl-ltak/Q L [%]
Figure 12. The effect of leakage flow on the liquid slug
length increase.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Conclusion

In a square microchannel, the bubble surface cannot fill all
the corners due to surface tension so the gas bubble acts like a
leaky piston. Leakage flow is the flow of liquid through the
channel corners, which is of significant importance to the flow
and mass transfer of slug flow. This work has focused on the
leakage flow at the T-junction for bubble formation and at
main channel for regular flow. The leakage flow was con-
firmed by particle experiments with a double light path
method and quantification of the leakage flow was obtained
with 2-D captured flow images. Main findings and conclusions
are presented as following:

1. Polystyrene particles flowing through corners between
gas bubble and channel walls moved at different velocities,
indicating large velocity distribution in the liquid film. At
the T-junction, the maximum particle velocity can be as
large as 10 times the bubble cap velocity. At the main chan-
nel, particles with velocity 2 times larger than the bubble
velocity were also observed.

2. The squeezing stage of bubble formation can be divided
into three sub-stages. The first one is the start stage during
which upstream liquid flow is nearly zero. The second one is
the linear moving stage when the upstream liquid flow is con-
stant. The last one is the shrinkage stage during which bubble
neck shrinks rapidly and the upstream liquid flow increases a
lot. This shows that the leakage flow varies during bubble
formation.

3. SDS concentration and glycerol concentration have
large influences on the upstream flow. Higher SDS concen-
tration leads to larger upstream flow in the squeezing stage
while leads to smaller one in the filling stage. Higher glyc-
erol concentration or viscosity leads to larger upstream flow
in the squeezing stage while has no significant impact on
that in the filling stage.

4. The two net leakage flows were quantified based on a
bubble shape model. The average net leakage flow Qi icak
in a bubble formation cycle at the T-junction can be as large
as 62.4% of the feeding liquid flow rate, depending on the
liquid properties. Qperleak at the main channel is much
smaller, ranging from about 0 to 30% of the feeding liquid
flow rate. Both the two leakage flows increase with the
increase in liquid flow rate, whereas decrease with the
increase in gas flow rate. Higher SDS concentration and
smaller glycerol concentration are beneficial for leakage
flow.

5. Net leakage flow at the T-junction for bubble formation is
larger than at the main channel for regular flow. This leads to
increase in the liquid slug length after the slug is generated.
When the channel wall is not well wetted at the T-junction, the
net leakage flow is much higher, leading to much more increase
in the slug length. Under some conditions in the experiments,
ALg/Lsq can be as large as 170%.

Acknowledgments

We acknowledge gratefully the financial supports for this
project from National Natural Science Foundation of China
(Nos. 21225627, 21376234).

Notation
Ca = two phase capillary number defined by (=p jrp /o1)

Dy = hydrodynamic diameter
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H = depth of the microchannel
L = length
Q = flow rate
T = bubble formation period
t = time
V = volume

Subscripts

B = bubble

G = gas

L = liquid

S = liquid slug
SO = original liquid slug
up = upstream
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