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Bubble breakup with permanent obstruction in an asymmetric microfluidic T-junction is investigated experimentally. The
breakup process of bubbles can be divided into three stages: squeezing, transition, and pinch-off stages. In the squeez-
ing stage, the thinning of the bubble neck is mainly controlled by the velocity of the fluid flowing into the T-junction,
and the increase of the liquid viscosity can promote this process. In the transition stage, the minimum width of bubble
neck decreases linearly with time. In the pinch-off stage, the effect of the velocity of the fluid flowing into the T-junction
on the thinning of the bubble neck becomes weaker, and the increase of the liquid viscosity would delay this process.
The evolution of the minimum width of the bubble neck with the remaining time before the breakup can be scaled by a
power—law relationship. The bubble length has little influence on the whole breakup process of bubbles. © 2014 American
Institute of Chemical Engineers AIChE J, 61: 1081-1091, 2015
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Introduction

Over the last decades, microfluidic technique has been
applied to various domains such as materials synthesis, crys-
tallization, drug encapsulation, protein screening, and emulsi-
fication due to the controllability, smart, and small
characteristics of microfluidic devices.'”” Bubbles and drop-
lets are always encountered in the application of microfluidic
technique. By using microfluidic technique, highly monodis-
perse bubbles or droplets can be generated, which is of criti-
cal importance for the related biological and chemical
technologies.g’g Several basic microfluidic configurations
such as T-junctions, flow-focusing, and coflowing junctions
have been used successfully to generate highly monodis-
persed bubbles or droplets.'®™'?

However, some of the applications of the microfluidic
technique need further adjusting the sizes of bubbles or drop-
lets in microfluidic devices. The breakup of bubbles or drop-
lets into two or more highly monodispersed daughter
bubbles or droplets could be a potential approach. There are
three typical microfluidic configurations for the breakup of
bubbles or droplets: narrow Constriction,13 obstacle,14 and T-
(or Y-) junction.ls_19 Among them, the T- (or Y-) junction is
the most common one.'>?® Link et al." pioneered to apply
the symmetrical microfluidic T-junction to passively break
large droplets into smaller ones. The application of the sym-
metrical T-junction is limited, as it can only tailor the
mother bubbles or droplets into two smaller ones with the
same sizes. The asymmetrical T-junction could overcome
this limitation and effectively improve the tailoring ability to
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control the sizes of the daughter bubbles or droplets, as the
mother bubbles or droplets would breakup into two smaller
daughter ones with different sizes in such junctions. Several
methods are used to manipulate the asymmetry of the
T-junction. By adjusting the length ratio of the two daughter
arms of the T-junction, Link et al." could control the vol-
ume ratio of the two daughter droplets. However, when the
volume ratio of the two daughter droplets is large, this
method needs greatly increasing the length of the microchan-
nel. To overcome this drawback, Samie et al.' controlled
the volume ratio of the two daughter droplets by adjusting
the width ratio of the two daughter arms. Differently,
Yamada et al.'® tuned the volume ratio of the two daughter
droplets by continuously introducing “tuning flow” into one
of the daughter arms of the Y-junction. Moreover, some
more complicated T-junction structures were also imple-
mented to break bubbles and drops into smaller ones.*’-*®

To better control the bubble or droplet behaviors in the T-
junction, we need first to understand the breakup mechanism
of bubbles or droplets in such junctions. Tracing the
dynamic process of the bubble or droplet neck is an effective
and intuitive method to understand the mechanism for bub-
ble or droplet breakup.? Leshansky et al.** analyzed theoret-
ically the droplet breakup with permanent obstruction in a
symmetric T-junction according to a simple geometric struc-
ture of the interface shape and Tanner’s law of the local con-
tact angle. They found that the variation of the minimum
width of the droplet neck could be described by a power—
law relation with an exponent of 3/7. The numerical simula-
tion of Hoang et al.? indicated that the variation of the min-
imum width of the droplet neck was consistent with the
theoretical prediction of Leshansky et al.? only during the
inception stage of the breakup. After that, the droplet
pinched off once the minimum width of the droplet neck
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Figure 1. (a) Schematic diagram of the microfluidic device. Both the lengths of the daughter channels of the asym-

metric T-junction are 10 mm long. All the cross-sections of these microchannels are 400 um (height) x
400 pm (width). The microfluidic device is about 100 mm long, 59 mm wide, and 21 mm high. (b) Sketch
of the shape of a bubble arriving at the asymmetric T-junction and definitions of the parameters to char-
acterize the breakup procedure of the bubble. h.: the height of the cross-section of the square micro-
channel. Ip: the length of the bubble about to enter into the T-junction. Pyyppie: the pressure in the
breaking bubble. P;,c.q4: the pressure in the liquid near the head of the breaking bubble. P,cck: the pres-
sure in the liquid near the neck of the breaking bubble. R; and R5: the radius of curvature for the gas-
liquid interface of the bubble neck in the direction parallel and perpendicular to the plane of the micro-
fluidic device, respectively. w.: the width of the cross-section of the square microchannel. w,,: the short-
est distance from the gas-liquid interface of the bubble neck to the lower corner of the junction at the
right hand. w,;: The width of the film where the width of the neck of the bubble is minimum. Interface A-
A: the cross-section (in the direction perpendicular to the plane of the microfluidic device) of the bubble
moving in the feeding channel. Interface B-B: the cross-section (in the direction perpendicular to the

plane of the microfluidic device) of the minimum width of the bubble neck.

was smaller than a critical value. The critical minimum
width of the droplet neck was related to the aspect ratio of
the cross-section of microchannel, but not sensitive to the
operating conditions and physical property of experimental
fluid. Fu et al.'® investigated experimentally the dynamics
for three various types of symmetric bubble breakup in the
microfluidic T-junction. By analyzing the breakup process,
they found that the breakup mechanisms were different for
various types of bubble breakup.

Several efforts have been devoted to the breakup mecha-
nism of bubbles and droplets in symmetric T-junctions, but
the breakup mechanism of bubbles in asymmetric T-
junctions, which is helpful to predict the sizes of the daugh-
ter bubbles in the branching channels, has not been fully
understood. In this work, the dynamics for bubble breakup
with permanent obstruction in an asymmetric T-junction is
studied experimentally, and the effects of the superficial
velocity of the gas-liquid two-phase mixture, the viscosity of
the continuous phase and the bubble length on the breakup
of bubbles in such a junction are analyzed.

Experimental Procedure

The experimental setup is sketched in Figure la. The gas
phase and liquid phase meet each other in the first
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T-junction where bubbles are generated. The generated
bubbles move downstream and arrive at the second T-junction
where the liquid phase could be introduced to change the
distance between sequential bubbles. After passing by the sec-
ond T-junction, the bubbles move into the third T-junction
where they can break up into two daughter bubbles. The
daughter bubbles move through the arms of the T-junction
and finally move out of the microfluidic device. Each arm of
the asymmetric T-junction is 10 mm in length. This study is
mainly concentrated on the bubble breakup in the third T-
junction, as shown in Figure 1b. In this article, the asymmet-
ric T-junction refers specially to the third T-junction. The
microchannels were fabricated on a polymethyl methacrylate
(PMMA) plate by a precision machine and sealed by another
PMMA plate of equivalent size. Both the width and height of
the cross-section of microchannel are 400 pum.

N, supplied by a N, cylinder was used as the dispersed
phase. The gas flow rate was controlled by a high precision
micrometering valve (Kofloc, Japan) and measured by a
soap-film flowmeter. Liquid was pumped into the microchan-
nel from a syringe by a syringe pump (Harvard Apparatus,
PHD 22/2000). All the experiments were conducted at room
temperature and atmospheric pressure. Different concentra-
tions of glycerol (0-62 wt %) in deionized water were used
as the continuous phase. The surfactant sodium dodecyl
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Table 1. Physical Properties of the Liquid Used in the

Experiment
Surface Tension, Viscosity, Density,
Liquid Phase 6 (mNm) p (mPa s) p (kg m %)
0.3% SDS/water 33 0.92 1000
0.3% SDS/35% 32 2.60 1090
glycerol
0.3% SDS/50% 32 5.04 1140
glycerol
0.3% SDS/62% 31 9.56 1150
glycerol

sulfate SDS (0.3 wt %) was added into the liquid to stabilize
the bubble formation process. The surface tension was meas-
ured using a tensiometer, by the pendant drop technique on a
Tracker apparatus (Dataphysics, Germany). An Ubbelohde
capillary viscometer (Shanghai Qihang Glass Instruments
Factory, China) was used to characterize the viscosity of the
liquid phase. The density of the liquid phase was measured
using a vibrating tuber density meter (Anton Paar DMA-
4500-M, Austria). The properties of the experimental fluid
were collected in Table 1.

In the experiment, a microscope equipped with a high
speed camera (Redlake Motion Pro Y-5) was placed above
the microfluidic device to capture the breakup process of
bubble in the asymmetric T-junction. A cold fiber light (Phi-
lips 13629, Philips, Japan) placed under the microfluidic
device, was used to illuminate the channel. The frame rates
of the high speed camera were between 2000 and 10,000
frames per second.

Gas flow rate Q, is spanned between 2 and 60 mL h!,
and liquid flow rate Q) between 2 and 90 mL h™'. The cor-
responding capillary numbers Ca = up/o (u= (Q, + Q])/wcz;
u is the superficial velocity of the fluid flowing into the T-
junction; p and ¢ are the viscosity and the surface tension of
the liquid phase, respectively; w,. is the width of the micro-
channel) ranges from 0.002 to 0.3. Reynolds number
Re = pw.u/p (p is the density of the liquid) ranges from 0.3
to 30. Weber number We=CaRe=pwcu2/a ranges from
0.0008 to 5.8.

Results and Discussion

Breakup process for bubbles in the microfluidic
T-junction

The process for bubble breakup with permanent obstruc-
tion in the asymmetric T-junction includes three stages.*
First, the forefront of the bubble expands in the asymmetric
T-junction. Second, the forefront of the bubble moves for-
ward in the two arms of the asymmetric T-junction simulta-
neously. Finally, the bubble breaks up into two different
daughter ones driven by the continuous phase. In this work,
the last stage is mainly studied to explore the mechanism for
bubble breakup with permanent obstruction in the asymmet-
ric T-junction.

A typical process for bubble breakup with permanent
obstruction in the asymmetric T-junction is shown in Figure 2a.
According to the evolution of the bubble neck, the breakup
process can be further divided into three stages. In the first
stage (07 ms), after the bubble completely enters into the
asymmetric T-junction, the width of the bubble neck would
continuously shrink under the squeezing of the continuous
phase until the bubble neck detaches from the top- and
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bottom-wall at the end of this stage. The characteristic of
this stage is that the outward convex bubble neck touches
the channel walls by a very thin liquid film, and this
process is named as the squeezing stage. In the second
stage (8—12.5 ms), the width of the neck decreases gradu-
ally driven by the upstream continuous phase until the
gas-liquid interface of the bubble neck becomes concave
from convex. Differently from the first stage, the feature of
the second stage is that the bubble detaches from the top-
and bottom-wall of the microchannel near the bubble neck
and forms two openings. This stage is named as the transi-
tion stage. In the third stage (14-15.6 ms), the concave
neck of the bubble diminishes rapidly and finally ruptures,
and this stage is named as the pinch-off stage.

To facilitate the research, several parameters are defined
to quantify the breakup process of the bubbles, as shown in
Figure 1b. wy, is the shortest distance from the gas-liquid
interface of the bubble neck to the lower corner of the junc-
tion at the right hand and /y is the length of the bubble
before entering into the T-junction. wy, and /, are normalized
by the width of the microchannel w.. Pyyppie 1S the pressure
inside the breaking bubble. Py.,q and P refer to the pres-
sure of the continuous phase near the head and the neck of
the breaking bubble, respectively. Ry and R, are the radii of
curvature for the gas-liquid interface of the bubble neck in
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Figure 2. (@) Evolution of the bubble breakup in the
asymmetric microfluidic T-junction. (b) Tem-
poral evolution of the minimum width of the
neck for the breaking bubble in the asym-
metric microfluidic T-junction. Inset: Aw,,/At
~ t. t;: the beginning of the transition stage.
to: the beginning of the pinch-off stage. Lig-
uid phase: 35 wt % glycerol-water mixture
with 0.3 wt % SDS. lp/w, = 3.00, u =0.05 m/s.
The short dash dot lines mark the time of t,
and t,.

[Color figure can be viewed in the online issue, which is
available at wileyonline library.com.]
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Figure 3. Effects of the superficial velocity of fluid

flowing into the T-junction, the viscosity of
the continuous phase and the bubble length
on the variation of the neck of the breaking
bubble in the squeezing stage.
(a) Effect of the superficial velocity of fluid flowing into
the T-junction. Liquid phase: water with 0.3 wt % SDS.
lo/we = 3.00. Inset: w,/w. ~ t. (b) Effect of the viscosity
of the continuous phase. ly/w.=3.00, u=0.07 m/s.
Inset: w,,/w. ~ t. (c) Effect of the bubble length. Liquid
phase: water with 0.3 wt % SDS. u=0.19 m/s. Inset:
Wm/We ~ L.

the direction parallel and perpendicular to the plane of the
microfluidic device, respectively.

The evaluation of wy,/w. with time is illustrated in Figure
2b. It could be clearly seen that the variation of wy,/w. with
time behaves differently in different stages of the bubble
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breakup process. In the squeezing stage, w,/w. decreases
nonlinearly with time. The thinning rate of the bubble neck
Aw,,/At also declines with time as shown in the inset of Fig-
ure 2b. The squeezing stage needs the longest evolving time
and the variation of wy/w. in this stage is also the most
greatest. Contrarily, the transition stage, in which wy,/w,
decreases linearly with time, demands the shortest evolving
time and the variation of w,/w. in this stage is the smallest.
In the pinch-off stage, wp/w. descends nonlinearly with
time, which is similar to the squeezing stage. However, the
falling rate of the minimum width of the bubble neck
Aw,,/At increases rapidly with time as shown in the inset of
Figure 2b. In addition, it is worth noting that in spite of
approximate durations in the transition stage and the pinch-
off stage, the change of w,,/w, in the pinch-off stage reaches
almost up to four times than that in the transition stage. The
evolution of wy,/w. with time shown in Figure 2b is a typical
example in the present experiment, and the variation trend of
Wm/w. would not vary with operating conditions and the
properties of fluids.

Breakup dynamics of bubbles with permanent
obstruction in the T-junction

The Squeezing Stage. Figure 3 shows the effects of the
superficial velocity of the fluid flowing into the T-junction u,
the viscosity of the continuous phase i, and the dimension-
less bubble length /y/w. on the evolution of bubble neck for
the squeezing stage. The thinning rate of the bubble neck
Aw,, /At increases with the superficial velocity of the fluid
flowing into the T-junction u as shown in Figure 3a. The
increase of the viscosity of the continuous phase would
accelerate the thinning of bubble neck as shown in Figure
3b. The dimensionless bubble length /o/w,. has little effect on
the variation of w,,/w. as shown in Figure 3c.

In the squeezing stage, the increase of the thinning rate of
bubble neck with the superficial velocity of the fluid flowing
into the T-junction could be attributed to the confinement
effect of the microchannel walls. In the microchannel, the
bubble usually becomes slender due to the confinement of
channel walls, and the confined bubble touches each of the
channel walls by means of a very thin liquid film. Four gut-
ters are formed between the bubble and the four corners of
the rectangle microchannel due to the effect of surface ten-
sion, as shown in the sketch of A—A cross-section in Figure
1b. In the square microchannel, the bubble accounts for
about 90% cross-section area of the microchannel.® In the
squeezing stage, a part of the continuous phase would
squeeze the bubble neck to thin it, and another part would
flow downward through the liquid films and gutte:rs.30’31 For
the asymmetric T-junction, assuming no continuous phase
flows through the liquid films and gutters, the dynamical
evolution process of the neck of the confined bubble could
be described by the following two equations32

dRy _ 16(Q.+0) a0
dt  h.(4—7)(8Ry+w.m)
wm=R; _\/E(Rl _Wc) ()

Defining the time at w,,/w.=1 as inceptive one (=0,
wm/w. = 1), we could obtain Eq. 3 by integrating Eq. 1

o owent \/[(8+n)wc]2+256 (0. +01)1/[(4—m)we]
e 8

3
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Figure 4. Effects of the superficial velocity of fluid
flowing into the T-junction, the viscosity of
the continuous phase on the shape of the
neck of the breaking bubble in the squeez-
ing stage.

(a) Effect of the superficial velocity of fluid flowing into
the T-junction. Liquid phase: water with 0.3 wt % SDS.
ly/we =3.00, w,/w. =0.5. (b) Effect of the viscosity of
the continuous phase. lo/w.=3.00, u=0.07 m/s, wy,/w.
=0.5. (c¢) Hypothetical shape for the gas-liquid interface
of the bubble neck. a’: The bubble neck with larger R;.
b’: The bubble neck with smaller R,. R;: The radius of
curvature for the gas-liquid interface of the bubble
neck in the direction parallel to the plane of the micro-
fluidic device.

If no continuous phase flows through the liquid films and
gutters, the evolution of the minimum width of the bubble
neck with time could be attained by combining Eqgs. 2 and 3,
as shown in Figure 2a (the solid line). In the squeezing
stage, the calculated widths of bubble neck are slightly
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smaller than the experimental ones. It means that most of
the continuous phase was blocked and accordingly squeezed
the bubble neck. Therefore, this is the primary reason why
the thinning rate of the bubble neck increases with the super-
ficial velocity of the fluid flowing into the T-junction.

In the squeezing stage, the increase of the viscosity of the
continuous phase accelerates the thinning rate of the bubble
neck by changing the shape of the gas-liquid interface of the
bubble neck, as the shear force acted on the bubble neck is
augmented with the increase of the viscosity of the continu-
ous phase. This is similar to the effects of the superficial
velocity of the fluid flowing into the T-junction on the bub-
ble neck. The gas-liquid interface at the bubble neck would
become less curved due to the increase of the shear force
parallel to the interface, as shown in Figures 4a,b. At the
same Wy, the less curved the gas-liquid interface is, the
smaller the area of this interface is, as shown in Figure 4c.
In the squeezing stage, if both the superficial velocity of the
fluid flowing into the T-junction and the rate of the leakage
are constant, the smaller the area of the gas-liquid interface
is, the faster the advance speed of this interface is, that is,
the faster the thinning of the bubble neck is. Therefore, the
thinning of the bubble neck is accelerated by the decrease of
the area of the gas-liquid interface owing to the increased
viscous forces when the viscosity of the continuous phase is
increased.

Our results suggest that the shear forces exerted on the
bubble neck can deform the gas-liquid interface and that the
deformation of the gas-liquid interface becomes more and
more obvious with increasing the capillary number. How-
ever, these shear forces were not included in the force bal-
ance for bubble formation in a microfluidic T-junction in the
squeezing regime, according to Garstecki et al.’” They only
considered the shear force acted on the gaseous thread
invaded in the downstream channel of the T-junction, which
has relative magnitude /o/d,, (dw, is the thickness of the
film between the bubble and the channel wall) in comparison
with the squeezing force. Furthermore, this shear force is
negligible as long as /y >> d,,, for bubble formation in the
T-junction in the squeezing regime. de Menech et al.¥ indi-
cated that this shear force can not be neglected at relatively
high capillary numbers. Christopher et al.** observed experi-
mentally the squeezing-to-dripping transition for droplet for-
mation in microfluidic T-junctions, and presented a scaling
argument for predicting the droplet volume in this regime.
However, this model overestimated the droplet size. The rea-
son for the deviation was that this model only considered the
shear force acted on the body of the dispersed phase in the
downstream channel of the T-junction, neglecting the one
acted on the neck of the dispersed phase in the T-junction.
Therefore, the future studies should pay more attention to
the shear force acted on the neck of the dispersed phase to
have a better understanding on the mechanism for the
breakup of bubble (or droplet) formation in the T-junction.

Although the leakage rate could also affect the thinning
rate of the bubble neck, its effect could be neglected. The
resistances to flow in the films and the gutters between the
bubble and the channel walls decrease with the increase of
the superficial velocity of the fluid flowing into the T-
junction and the viscosity of the continuous phase due to the
increase of the cross-section of the films and the gutters,35’36
but decrease with the decrease of the bubble length due to
the decrease of the lengths of the films and the gutters.

DOI 10.1002/aic 1085



The reduction of the resistance results in the augment of the
leakage rate, decelerating the thinning of the bubble neck.
Differently from the influences of the superficial velocity of
the fluid flowing into the T-junction and the viscosity of the
continuous phase, the bubble length affects the thinning rate
of the bubble neck only by changing the leakage rate. There-
fore, the insignificant effect of the bubble length on the thin-
ning rate of the bubble neck as shown in Figure 3c indicates
that the effect of the leakage rate on the thinning rate of the
bubble neck is negligible.

For the droplet breakup in the symmetric T-junction,
Leshansky et al.** have proposed a correlation to describe
the variation of the minimum width of the droplet neck with

3/7

time: wm/wc=1—0.582(0g%)_1/7 (j“—’) / . The simulation of
Hoang et al.2® proved that the model can accurately predict
the evolution of the droplet neck in the squeezing stage. Fig-
ure 2b indicates a comparison between our experimental
results and the predicting values of the model by Leshansky
et al.>* Tt could be clearly found that there is a remarkable
deviation between them. The deviation could be mainly
attributed to the different driving forces for the breakup
between the asymmetric and symmetric T-junction, which
could be expressed as?’

AP =AP ek + APpeag =0 (Ri + Ri + i) 4
1 2 We

APy, is the driving force for the breakup of bubbles or
droplets, and APy = Peck — Phead; APheags 1S the Laplace
pressure at the head of the breaking bubble or droplets, and
APpead = Poubble — Phead; APneck 1S the Laplace pressure at
the neck of the breaking bubble or droplets, and AP, =
Preck — Poubble: Both APpe.q and AP, .. could be obtained by
the Laplace equation. For the squeezing stage of the breakup
in the symmetric T-junction, the neck of the bubble or drop-
let is always concave inward,1623 thus, R, and R, are posi-
tive values. However, for the asymmetric T-junction used in
this study, the neck of the bubbles is convex outward in the
inception period of the breakup, as shown in Figure 2a (0-7
ms), thus, Ry and R, are negative values. This implies that
the squeezing stage for the breakup of bubbles in the T-
junction is also affected by the configuration of the junction.
The Transition Stage. The variations of wp, and wpy,
with the superficial velocity of the fluid flowing into the T-
junction u and the viscosity of the continuous phase p are
shown in Figure 5. wy, is the minimum width of bubble
neck at the moment of detaching from the top and bottom
walls. On the pictures captured by the high speed camera,
the regime where the bubble has a close contact with the top
and bottom walls appears bright, while the color of the
regime where the bubble detaches from the top and bottom
walls is black. Following this criterion, we could easily
determine whether the bubble neck detaches from the top
and bottom walls or not. It could be found from Figure 5
that w,,, decreases with increasing the superficial velocity of
the fluid flowing into the T-junction u and the viscosity of
the continuous phase p. Both the increase of the superficial
velocity of the fluid flowing into the T-junction and the vis-
cosity of the continuous phase could also make the gas-
liquid interface of the bubble neck less curved by increasing
the shear force acted on this interface, which is similar to
the observation in the squeezing stage. As shown in the inset
of Figure 1b, for the same minimum neck width, the less
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Figure 5. Effects of the superficial velocity of the fluid

flowing into the T-junction and the viscosity
of the continuous phase on wy,; and wy,, for
the bubble breakup at the T-junction.
Wme: The minimum width of the bubble neck at the
moment of detaching from the top and bottom walls of
the microchannel. w,,,: The minimum width of the bub-
ble neck when the shape of the bubble neck becomes
from concave outward to convex inward.

curved the gas-liquid interface of the bubble neck is, the
higher the value of wys (W, is film width of the minimum
width of the bubble neck) is. Since w,; and w, decrease
simultaneously during the transition stage, the disappearance
of the film of the minimum width of the bubble neck (or the
detachment of the bubble neck from the top and bottom
walls of the microchannel) would occur at lower values of
wn, for less curved gas-liquid interface of the bubble neck.

Wpmp is the minimum width of bubble neck when the shape
of the bubble neck becomes from concave outward to con-
vex inward. The affecting regulation of the superficial veloc-
ity of the fluid flowing into the T-junction and the viscosity
of the continuous phase on w,, could be found in Figure 5,
which accords well with that for droplet formation in micro-
fluidic T-junction.*”*® According to Glawdel et al.*® only
when Ca—0, wy,, could approach the predicted value by van
Steijn et al.??

wehe
wethe

Wnp &)
where 5. is the height of the microchannel. The bubble
breakup as Ca—0 has not been observed in our experiments,
but it seems to be logical to assume that wy,, would
approach the value predicted by Eq. 5 when both the superfi-
cial velocity of the fluid flowing into the T-junction and the
viscosity of continuous phase tend to 0 (Ca—0), by extrapo-
lating the variation of wy,, shown in Figure 5. It is notewor-
thy that the pinch-off stage occurs when the minimum width
of the bubble neck is equal to the height of the microchannel
for the bubble formation in a flow-focusing device.* How-
ever, this argument needs to be validated by varying capil-
lary numbers. It may be reasonable that the occurrence of
this stage depends not only on the capillary number but also
on the configuration of the microchannel.

The effects of the superficial velocity of the fluid flowing
into the T-junction, the viscosity of the continuous phase
and the dimensionless bubble length on the thinning rate of
the bubble neck during transition stage are shown in Figure
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6. It could be seen from Figure 6 that the thinning rate of
the bubble neck increases with the superficial velocity of the
fluid flowing into the T-junction and the viscosity of the con-
tinuous phase, but the effect of the dimensionless bubble
length on the thinning of the bubble neck is nearly negligi-
ble. This is quite similar to those in the squeezing stage. In
the transition stage, two up- and down- openings appear
between the bubble and the walls due to the detachment of
bubble neck from top and bottom walls of the microchan-
nels, as shown in Figure 2a. The continuous phase could
flow toward the four gutters opposite to the feeding channel
between the bubble and channel through the two openings.
Compared to the squeezing stage, the liquid flowing through
gutters would be increased in the transition stage. As shown
in Figure 2b, at the beginning of the pinch-off stage f,, the
deviation of the minimum width of the bubble neck between
the calculated values from Eqgs. 2 and 3, and the experimen-
tal data are not noticeable. It indicates that the leakage of
the liquid in the transition stage remains still not remarkable
in spite of the appearance of the two openings.

In principle, in the transition stage, the thinning rate of the
bubble neck are dominated essentially by the superficial
velocity of the fluid flowing into the T-junction and the vis-
cosity of the continuous phase, regardless of the dimension-
less bubble length. Therefore, we could correlate the
normalized thinning rate of the bubble neck A(w,/w.)/A(#/
T.) to dimensionless numbers such as capillary number
Ca = up/o and Reynolds number Re = pw.u/p by means of
the multiple regression method

A(Wm/WC)/A(l‘/TC):0‘44CGO‘S7R€0‘44 ~ ul.()l'u().13 (6)

The capillary time T, is defined as T, = (,owf/o‘)m.29 The
mean relative deviation of the correlation is 3.99%. By compar-
ing the exponents of u and p in Eq. 6, it could be found that
the influence of the superficial velocity of the fluid flowing into
the T-junction on the thinning rate of the bubble neck is more
significant than that of the viscosity of the continuous phase. It
is noteworthy that the results of our experiments are different
from those observed by Garstecki et al..** who found that the
collapse rate depends only on the superficial velocity flowing
into the T-junction, but in accord with the conclusion of Fu
et al.*!' as the collapse of bubbles is affected by the confine-
ment of the microchannel on the flowing fluid.*' It is interest-
ing to note that the thinning rates of the bubble neck measured
in our experiments are 1-2 orders of magnitude smaller than
the speed calculated by the classical theory of capillary
breakup. This is similar to the results of Garstecki et al** and
Fu et al.*' It suggests that, the bubble interface is stable against
the capillary instability during the transition stage.40

The Pinch-Off Stage. From Figure 2b, it could be easily
found that the variation trend of w,/w. with time in pinch-
off stage is much different from these in the previous two
stages. The thinning rate of the bubble neck diminishes grad-
ually with time in the squeezing stages until near a constant
in the transition stage. Conversely, it increases rapidly with
time in the pinch-off stage.

To better understand the driving mechanism for the pinch-
off stage, the variations of the driving force AP, and the min-
imum width of the bubble neck w,, with time were analyzed
as shown in Figures 7 and 8. Figure 7a shows the variation of
AP, with time. The APy, at different time could be calculated
from Eq. 4. The value of R; in this equation could be
extracted from the pictures captured by the high speed
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Figure 6. Effects of the superficial velocity of the fluid
flowing into the T-junction, the viscosity of
the continuous phase and the bubble length
on the thinning rate of the neck for bubble
breakup in the transition stage.

(a) Effects of the superficial velocity of the fluid flowing
into the T-junction and the viscosity of the continuous

phase. Inset: A(wn/w)/A(HT,) ~ Re**Ca®>. (b) Effect
of the bubble length.

camera. Since the shape of the longitudinal cross-section of
the minimum width of the bubble neck could not be directly
visualized, we make several assumptions about the contour
line of this cross-section to calculate R, as shown in Figure
7b. In the squeezing stage, the contour line that does not
touch the microchannel walls is assumed as an arc, thus
Ry> = (R*— b)* + (hy/2)*, where b is the height of the arc.
The value of b could be obtained from the pictures captured
by the high speed camera. On these pictures, the regime
where the bubble detaches from the top and bottom walls
appears black, and is different from the regime in close con-
tact with the bubble. In the transition and pinch-off stages, the
contour line of the A—A cross-section is assumed as a circle,
thus R, =w/2. It could be seen from Figure 7a that: in the
squeezing stage, the value of AP, is positive and increases
slightly with time; in the pinch-off stage, the value of APy,
becomes negative and decreases rapidly. The change of the
sign of APy, implies the change of the direction of the driving
force. The variation of APy, is similar to that for the bubble
formation in a microfluidic T-junction reported by van Steijn
et al.*> They thought that the change of the direction of the
driving force reserved the liquid near the bubble head toward
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Figure 7. (a) Temporal evolution of the pressure differ-
ence between the bubble head and the bub-
ble neck. Inset: the amplification of the
temporal evolution of the pressure difference
in the squeezing stage. The short dash dot
lines: the transitions between various stages
for bubble breakup. Liquid phase: 35 wt %
glycerol-water mixture with 0.3 wt % SDS. /y/
w.=3.00, u=0.05 m/s. (b) Definition of R,
and R, for each stage. Ry and Ry: the radius
of curvature for the gas-liquid interface of
the bubble neck in the direction parallel and
perpendicular to the plane of the microfluidic
device, respectively. Interface A-A: the cross-
section of the minimum width of the bubble
neck.

the bubble neck, triggering the pinch-off for bubble formation
at the T-junction. According to the analysis on APy, it seems
that the pinch-off mechanism for bubble breakup is similar to
that for bubble formation in a microfluidic T-junction.*

The variation of the minimum width of the bubble neck
Wy, With the remaining time (7 — ¢) is shown in Figure 8. It
could be clearly seen that the pinch-off stage is a self-similar
thinning process.42_46 The variation of the minimum width
of the bubble neck w, with the remaining time (7 —¢)
before the final pinch-off could be described by a power—law
relationship with an exponent of 1/3: wy,, ~ (T — t)”3. The
exponent 1/3 is independent of the superficial velocity of the
fluid flowing into the T-junction, the viscosity of the contin-
uous phase and the bubble length. The similar power—law
relationship between the minimum width of the bubble neck
and the remaining time was also observed for the formation
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of bubbles in the microfluidic flow-focusing devices, but the
value of the exponent varied with the variations of the
dimensions of the microchannels and the operating condi-
tions. 374748 Furthermore, it could be found from Figure 8
that the variation of w,/w. is moderately affected by the
superficial velocity of the fluid flowing into the T-junction
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Figure 8. Scaling of w,, in function of the remaining
time (T —t) for the pinch-off stage.

(a) Effect of the superficial velocity of the fluid flowing
into the T-junction. /y/w. = 3.00. Liquid phase: 62 wt %
glycerol-water mixture with 0.3 wt % SDS. (b) Effect of
the viscosity of the continuous phase. Iy/w.= 3.00,
u=0.07 m/s. (c) Effect of the bubble length. Liquid
phase: water with 0.3 wt % SDS. u=0.19 m/s.
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and the viscosity of the continuous phase and nearly irrele-
vant to the bubble length in the pinch-off stage. A scaling
law could be obtained to predict w,,/w. by taking the influ-
ence of the superficial velocity of the fluid flowing into the
T-junction and viscosity of the continuous phase into
account

T\
W /We=0.53Re 014( - ’) )

Cc

The mean relative deviation of the correlation is 2.61%.
From Eq. 7, we could see that the pinch-off rate of the bub-
ble neck increases with the superficial velocity of the fluid
flowing into the T-junction. It means that the inertia of the
upstream fluid also has effect on the pinch-off stage for bub-
ble breakup in the asymmetric T-junction. In addition, Eq. 7
indicates that the pinch-off rate of the bubble neck decreases
with the increase of the viscosity of the continuous phase.

The breakup time

The analyses for the time of the bubble breakup with per-
manent obstruction in the T-junction are illustrated in Figure
9. From Figures 9a,b, we could find that: (1) the breakup time
of the bubble rapidly reduces with the increase of the superfi-
cial velocity of the fluid flowing into the T-junction, espe-
cially as it is smaller than 0.1 m s~ (2) the effects of the
viscosity of the continuous phase and the bubble length on
the breakup time of bubbles are nearly negligible. The observ-
able effect of the superficial velocity of the fluid flowing into
the T-junction on the breakup time is attributed to the fact
that the time occupied by the squeezing and transition stages,
both of which are dominated by the fluid flowing into the T-
junction, accounts for more than 80% of the total breakup
time of the bubble, as shown in Figure 9c. There are two rea-
sons for the unremarkable effect of the viscosity of the contin-
uous phase on the breakup time of the bubble. First, the effect
of the viscosity of the continuous phase on the dynamics for
the bubble breakup is not as noticeable as that of the superfi-
cial velocity of the fluid flowing into the T-junction. Second,
the increase of the viscosity of the continuous phase could
promote the thinning of the bubble neck for the squeezing
and transition stages but decelerate it for the pinch-off stage.
The competitive results of the two opposite actions are com-
promise. Furthermore, the breakug time of the bubble can be
expressed as: T/T.=2(uT./w.) as shown in Figure 9a.
The average relative deviation of the correlation is 7.67%.

Conclusion

To conclude, the bubble breakup with permanent obstruc-
tion is investigated experimentally, and the effects of the
superficial velocity of the fluid flowing into the T-junction,
the viscosity of the continuous phase and the bubble length
on breakup dynamics of bubbles are studied systematically.
The breakup process of bubbles in the T-junctions could be
divided into three stages: the squeezing stage, the transition
stage, and the pinch-off stage. In the squeezing stage, the
thinning rate of the bubble neck decreases nonlinearly with
time. In the transition stage, the minimum width of the bub-
ble neck decreases linearly with time and is related to the
capillary number Ca and the Reynolds number Re:
AW /we)/A(t/T:)=0.44Ca’Re"**. However, whether this
relationship is applicable or not for the rectangular micro-
channels and the square microchannels with different
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Figure 9. (@) and (b) Effects on the breakup time of
bubble. (a) The superficial velocity of the
fluid flowing into the T-junction and the vis-
cosity of the continuous phase. Inset: log (7/
T.) ~ log u. (b) The bubble length. (c) Propor-
tions of time occupied by the squeezing,
transition, and pinch-off stage respectively in
the entire period of bubble breakup. Liquid
phase: 35 wt % glycerol-water mixture with
0.3 wt % SDS. /o/w, = 3.00.

DOI 10.1002/aic 1089



dimensions still needs to be further verified. In the pinch-off
stage, the thinning rate of the bubble neck increases nonli-
nearly with time, and the variation of the minimum width of
the bubble neck with the remaining time could be scaled as

1/3
a power—law relationship:  wp,/w.=0.53Re"1* (%) .

Nevertheless, how do the dimension and the shape of the
cross-section of the microchannel affect the exponent for the
power—law relation for the minimum width of the bubble
neck and the dimensionless remaining time should be paid
more attention in the further study. During the whole
breakup process, the superficial velocity of the fluid flowing
into the T-junction is a key impacting factor on the thinning
rate of the bubble neck, and its augment could promote this
process. In the pinch-off stage, though the effect of the
superficial velocity of the fluid flowing into the T-junction
becomes weaker, but remains nonignorable. Compared to the
superficial velocity of the fluid flowing into the T-junction,
the viscosity of the continuous phase has also somewhat
influence on the thinning rate of the bubble neck. The
increase of the liquid viscosity could accelerate the thinning
of the bubble neck in the squeezing stage and transition
stage, but decelerate that in the pinch-off stage. The bubble
length has no effect on the bubble breakup for all of the
three stages of. Furthermore, the breakup time of bubble is
primarily dominated by the superficial velocity of the fluid
flowing into the T-junction and can be expressed as:

T/T.=2(uT./w.)”"*. This study enriches our understanding
of the mechanism for bubble breakup in the microfluidic T-
junction, and could serve as theoretical basis for predicting
the sizes of the daughter bubbles in the asymmetrical micro-
fluidic T-junction.”
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Notation

b = height of the arc in Figure 7b, m.
dwn = thickness of the tunnels between the bubble and the walls of
microchannel, m.
h. = height of the cross-section of the microchannel, m.
lp = length of the bubble about to enter into the T-junction, m.
AP, = driving force for bubble breakup, Pa.
APc.q = Laplace pressure at the head of the breaking bubble, Pa.
AP,k = Laplace pressure at the neck of the breaking bubble, Pa.
Puubble = pressure in the breaking bubble, Pa.
Preaa = pressure in the liquid near the neck of the breaking bubble,
Pa.
Preck = pressure in the liquid near the neck of the breaking bubble,
Pa.
Q, = volumetric flow rate of the gas phase, m’s”
Q) = volumetric flow rate of the liquid phase, m® s~
R, = radius of curvature for the gas-liquid interface of the bubble
neck in the direction parallel to the plane of the microfluidic
device, m.
R, = radius of curvature for the gas-liquid interface of the bubble
neck in the direction perpendicular to the plane of the micro-
fluidic device, m.
T = breakup time of bubble, s.
T. = capillary time, s.

1
1.

t = time, s.
t; = beginning of the transition stage, s.
1090 DOI 10.1002/aic Published on behalf of the AIChE

t, = beginning of the pinch-off stage, s.
u= su;l)erﬁcial velocity of the fluid flowing into the T-junction, m
w. = width of the cross-section of the microchannel, m.
wyr = width of the film of the minimum width of the bubble neck, m.
Wn = shortest distance from the gas-liquid interface of the bubble
neck to the lower corner of the junction at the right hand, m.
Wmp = minimum width of the bubble neck when the shape of the

bubble neck becomes from concave outward to convex
inward, m.

Wpe = minimum width of the bubble neck at the moment of detach-
ing from the top and bottom walls of the microchannel, m.

Greek letters

p = viscosity of the liquid, mPa s.
p = density of the liquid, kg m™*
o = surface tension of the liquid, mN m ™"

Dimensionless groups

Ca = capillary number (Ca = up/o).
Re = Reynolds number (Re = pw.u/p).
We = Weber number (We = CaRe = pw.u*/o).
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