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Bubble breakup at a microfluidic T-junction by taking into consideration the hydrodynamic feedback at the downstream
channels is presented. Experiments are conducted in square microchannels with 400 lm in width. The splitting ratio of
the bubble size in the bifurcations varies nonmonotonically with the flow rate ratio of gas/liquid phases, and it is also
affected by the liquid viscosity. A critical size of the mother bubble determines the variation trend of the splitting ratio
of bubble size with flow rates of both phases and the liquid viscosity, which is related to the different breakup mecha-
nisms for long and short bubbles at the junction and the different additional resistances induced by long and short bub-
bles in downstream channels. A theoretical model is proposed to predict the tailoring size of bubbles at the T-junction
by taking into account of the additional resistance in the presence of bubbles in downstream channels. VC 2014 Ameri-

can Institute of Chemical Engineers AIChE J, 60: 1920–1929, 2014
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Introduction

Microfluidic multiphase flow is an emerging technology
with characteristics of controllability, smart, and small, and
displays potential advantages in materials synthesis, emul-
sions, drug encapsulation, crystallization, chemical mixing,
and reaction.1–5 Bubbles and droplets are always encountered
in these applications and they are generated, transported, and
manipulated using several basic microfluidic configurations,
such as T- and Y-junctions, flow-focusing and coflowing
junctions for the generation,6–11 straight and zigzag channels
for the transportation,12,13 parallel channels, and multistages
bifurcations for the manipulation.13–18

T-junction is one of the most basic elements in microdevi-
ces for the manipulation of bubbles and droplets.19–22 The
bubble and droplet behavior is highly nonlinear at the junc-
tion owing to the hydrodynamic collective feedback or hydro-
dynamic memory—the interplay of coherent resistance of the
channels and the additional resistance arisen by the bubbles
and droplets, and even the collision, breakup, repartition of

the bubbles and droplets.23–27 For example, bubbles and
droplets can breakup or do not breakup at the T-junction,
depending mainly on their sizes and the capillary num-
ber.19,28–30 For the nonbreaking case, repartition and filtering
regimes are observed, owing to the flow rates in the arms of
the junctions.21,25,31–33 Jeanneret et al.34 recently focused on
the transport of particles in one-dimensional loop networks
and showed that the dynamics is asymptotically invariant
upon time-reversal symmetry. Sessoms et al.25 introduced a
model to understand the collective time-delayed feedback
mechanism for the binary path selection of droplets arriving
at a T-junction, which are related to the retention times of the
droplets in the loop, yielding the complex dynamics. Parthi-
ban and Khan35 found a filter regime for bubbles flowing
through a symmetric junction, as the resistance to the flow
decreases with an increase in the number of bubbles in the
microchannel. For the breaking case, symmetric and asym-
metric breakup of bubbles and droplets are observed for both
symmetric and asymmetric T-junctions, relating to the flow
rates in each arms of the junctions and the local pressure at
the junction.19,28,36–43 Song et al.26 investigated recently the
local interactions and the global organization of a two-phase
flow in a branching tree and found that the evolution of a
plug at the junctions depends on the interplay between a
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dynamically determined pressure and a geometrically con-
trolled threshold value, resulting in nonlinear characteristics.
Hoang et al.22 performed three-dimensional numerical simu-
lations to study the droplet breakup in a T-junction and
observed two distinct breakup stages: a quasisteady droplet
deformation driven by the applied flow and a surface tension-
driven rapid pinching which is independent of the applied
flow. They also found two different critical conditions: one
determines whether the droplet breaks or not, and other sets
when the rapid pinching starts.

The flow rate in each arms of the T-junction is controlled
by the resistance through channels, comprising the coherent
resistance of the channel and the resistance induced by the
bubbles and droplets, and also influenced by the collision of
bubbles and droplets at the junction.27,35,44 Bedram and
Moosavi39 performed numerical investigation on droplet
breakup in an asymmetric T-junction, and indicated that
smaller droplets can be generated by increasing the capillary
number. When the T-junction is used to tailor droplets into
smaller ones, small deviations are observed for the tailoring
sizes of droplets between the experimental data and the theo-
retical values estimated based on the assumption that the
breaking size of droplets is determined by the coherent
resistance in the channels.19,37,42 Link et al.19 pioneered to
use a T-junction to tailor droplets passively and found that
the size of daughter droplets could be controlled by adjusting
the length of arms of the T-junction. A slight discrepancy
was observed for the tailoring size of droplets between the
coherent resistance and the experiments owing to the pres-
ence of a large number of droplets in channels. Yamada
et al.37 manipulated droplet division by using hydrodynamic
control of the bifurcating microchannels and found that the
theoretical estimation stemming from the inherent resistance
of the microchannel should be improved by taking into con-
sideration the resistance induced by the effects of pressure at
the interface between two phases due to the presence of
droplets. Samie et al.42 conducted theoretical and experimen-
tal investigation on the breakup of droplets in an asymmetric
T-junction with branches of identical lengths and different
cross-sections to produce unequal-sized droplets. They found
that the volume ratio for the generated droplets in each arm
of the junction is only a function of the geometry. Further-
more, they also found small deviation between the experi-
mental data and theoretical prediction, which is due to the
hydrodynamic resistance induced by the presence of the
droplets in microchannels. These studies suggest that the
resistance induced by the dispersed phase in the channels
should be taken into consideration for the tailoring of bub-
bles and droplets by using the T-junction.

Although several efforts have been devoted to the breakup
of droplets and bubbles at T-junctions, the study on hydrody-
namic feedback on the breakup of bubbles is still missing up
to now. This work aims at studying bubble breakup at a
microfluidic T-junction within an asymmetric loop, by taking
into account the hydrodynamic collective feedback in down-
stream microchannels.

Experimental Setup

The experimental setup is sketched in Figure 1. The
microfluidic device includes the bubble formation section
and the bubble breakup section in a loop, as shown in Figure
1a. In a first T-junction of the loop, the microchannel divides
into two asymmetric parts of the same section but different

length, and then the two channels merge at a second T-
junction to form a single channel again. The lengths of the
arms are shown in Figures 1a, b. Bubbles are formed in a
microfluidic flow-focusing junction (the left hand diagram of
Figure 1a), and move toward the loop (the right hand dia-
gram of 1a). Bubbles can break at the first T-junction and
exit the second one into the single channel (Figure 1c). The
microfluidic device is fabricated in a polymethyl methacry-
late (PMMA) plate (70 3 35 3 10 mm3) by precision mill-
ing and sealed by another thin PMMA plate. The cross-
section is 400-lm wide and 400-lm high. Gas is fed by a
N2 cylinder. The gas flow rate is controlled by a high preci-
sion micrometering valve (Sagana Instrumentation, Luxem-
bourg), and calibrated by a soap bubble flowmeter at the
inlet of the microdevice. Liquid is delivered from a 60-mL
syringe by a syringe pump (Harvard Apparatus, PHD 22/
2000). All of our experiments are conducted at room temper-
ature and atmospheric pressure.

The microfluidic device is placed under an inverted micro-
scope (Leica, Germany), which is equipped with a high-speed
camera CamRecord600 (Optronis GMBH, Germany, up to
100,000 frames per second). In this work, the frame rates are
between 200 and 1000 fps. The images are processed by a Mat-
lab program to obtain the quantitative features of bubbles. A
micro-Particle Image Velocimetry system (micro-PIV)

Figure 1. (a) The microfluidic device used in the experi-
ments.

Bubbles are formed in the cross junction and move

toward a snake-like channel and then to a loop with the

length of the upper arm Lu and of the lower arm Ld. (b)

The microfluidic loop used in the experiments. The flow

diverges at the first T-junction and recombines at the

second T-junction. (c) A picture captured by a high-

speed camera. Bubbles can breakup at the first T-

junction bifurcation. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]
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(Dantec Dynamics, Denmark) is used to obtain velocity fields
in the continuous phase around the bubbles at the T-junction as
described in the previous work.28

Three different glycerol (Prolabo, France) concentrations
of 25, 50, and 62 wt % are mixed with deionized water to
vary the viscosity of the liquid phase. Sodium dodecyl sul-
fate (SDS) (Amresco) (0.5 wt %) is used as surfactant in the
aqueous phase to modify the surface tension and to stabilize
the bubbles against coalescence. A Rheometric Fluid Spec-
trometer RFS II (Rheometric Scientific) is used to character-
ize the viscosity of the liquids. The surface tension is
measured by a tensiometer based on the pendant drop tech-
nique on a Tracker apparatus (I.T. Concept, France). The
contact angle of the liquid on a flat PMMA surface is about
60�. The various properties of the experimental systems are
gathered in Table 1.

The volume of the bubbles V is calculated by the follow-
ing equations

V5
plBwB lB1wBð Þ=2ð Þ=6 lB < W;wB < W

4p wB=2ð Þ3=310:9w2
B lB2wBð Þ lB > W

(
(1)

When the bubbles are smaller than the channel width,
they are assumed as ellipsoid and their volumes can be
obtained using the expression of the first line in Eq. 1. When
the bubbles are larger than the channel width, they are
named as slug bubbles and have two semispheroid ends for
the rears and tips of the bubbles and nearly cylindrical
bodies occupying about 90% of the channel with the same
length as the cylindrical bodies and the volume of the bub-
bles can be calculated using the expression of the second
line in Eq. 1.45 The accuracy of Eq. 1 was checked by
comparing the computed volume of the mother bubble
with that of the daughter bubbles, and the relative error is
below 5%. The experimental conditions are as follows:
0:12 � Qg=Ql � 3:34, 0:0016 � Ca � 0:10, 0:3 � Re �
310, where lB is the length of the daughter bubbles, wB the
width of the bubble, W the width of the channel. Qg and Ql

are the volumetric flow rates of the gas and liquid phases,
respectively. Ca (Ca 5lu=r) is the capillary number, andl
the liquid viscosity, u (u5ðQg1QlÞ=W2) the superficial
velocity of the gas–liquid flow, r the surface tension
between the liquid phase and N2. Re (Re 5quW=l) is the
Reynolds number, and q the density of the liquid phase.

Results and Discussion

Tailoring size of bubbles in the two branches of the T-
junction

The size ratio of bubbles in the two branches of the
T-junction Vu/Vd is shown in Figures 2 and 3, where Vu and

Vd are the volume of bubbles at the upper arm and lower
arm, respectively. We found that (1) the ratio of the size of
daughter bubbles Vu/Vd is not consistent with the theoretical
value 0.74 calculated by assuming that the volume of the
daughter bubbles is determined by the flow rate in the chan-
nel, which is inversely proportional to the coherent resistance
of the channel: Vu=Vd / Qu=Qd / Rod =Rou / Ld=Lu,46

where Qu and Qd are the volumetric flow rate of gas–liquid

Table 1. Properties of the Experimental Gas–liquid Systems

Used in this Work

Liquid Phase

Surface
Tension, r
(mN m21)

Viscosity,
l (mPa s)

Density,
q (kg m23)

0.5% SDS/water 33 0.92 1000
0.5% SDS/25%
glycerol

31.5 2.32 1060

0.5% SDS/50%
glycerol

31.5 6.53 1130

0.5% SDS/62%
glycerol

31.5 10.18 1160

Figure 2. Effects of gas and liquid flow rates on the
splitting ratio of bubble size in the two arms.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. Effects of the flow rate ratio of gas/liquid
phases and the liquid viscosity on the split-
ting ratio of bubble size in the two arms.

(a) Qg 5 916 lL/min, (b) Qg 5 2006 lL/min. [Color fig-

ure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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two-phase in the upper and lower arms of the T-junction,
respectively, Rou and Rod are the coherent resistance in the
upper and lower arms of the T-junction, respectively, Lu and
Ld the length of the upper and lower arms of the T-junction,
respectively; (2) Vu/Vd is affected by the gas and liquid flow
rates and the liquid viscosity. For a given gas flow rate, Vu/
Vd first increases before decreasing with the increase of the
liquid flow rate. The crossover point of the liquid flow rate
increases with the increase of the gas flow rate as shown in
Figure 2. The crossover point of Vu/Vd decreases, whereas
that of the Qg/Ql increases with the increase of the liquid
viscosity. Although the crossover point of the capillary num-
ber increases with the liquid viscosity and levels off when
the liquid viscosity is over 6.53 mPa s. These intriguing phe-
nomena motivate us to find out answers to following ques-
tions: what determines the size of the daughter bubbles, why
there is a turning point for the Vu/Vd � Qg/Ql curve, and
why it is affected by the liquid viscosity?

Effects on the resistance in the microchannel

The resistance in the channel could be modified by the
presence of bubbles, and the supplementary resistance
induced by bubbles is determined by both of the size and
number of bubbles within the channel.19,21,47,48 Therefore,
the tailoring size of the daughter bubbles not only relies on

the coherent resistance in the channel but also on the addi-
tional resistance due to the feedback of bubbles in down-
stream channels. Link et al.19 also observed the discrepancy
between the theoretical value calculated using the coherent
resistance in the channel and the experimental data for the
tailoring size of droplets in an asymmetric T-junction, and
gave an tentative explanation that the presence of droplets in
the long channel could change the resistance in the channel.
The dependence of Vu/Vd on Qg/Ql and the liquid viscosity
could be explained by the fact that both of the size and num-
ber of bubbles within the channels are determined by the Qg/
Ql and the liquid viscosity as revealed for bubbles generated
in a microfluidic flow-focusing device.49 Therefore, the
excess resistance due to the presence of bubbles within the
channel depends on Qg/Ql and the liquid viscosity.

Breakup mechanism at the T-junction

The turning point in the relation Vu/Vd � Qg/Ql can be
attributed to the fact that the additional resistance induced
by the bubbles rely on their sizes and number in chan-
nels19,21,47,48 according to the gas and liquid flow rates and
the liquid viscosity.49 When long enough, bubbles are
bounded by the channel walls, and the pressure drop across
bubbles falls into the Bretherton regime and can be related
to the capillary number Ca.50 For bubbles smaller than the
channel width, the resulting additional resistance could be
expressed by a representative length proposed by Engl

Figure 4. Effects of the size of the mother bubble on
the splitting ratio of bubble size in the two
arms.

The vertical lines represent the critical bubble length

(Lb/W)c for each set of data for various liquid phases.

(a) Qg 5 916 mL/min, (b) Qg 5 2006 mL/min. [Color fig-

ure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 5. Critical effects of the gas/liquid flow rate
ratio and capillary number on the size of the
mother bubble.

(a) Qg 5 916 mL/min, (b) Qg 5 2006 mL/min. (w) (Lb/

W)c ~ (Qg/Ql)c, (D)(Lb/W)c ~ Cac. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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et al.,21 which is a function of the viscosity ratio of the dis-
persed phase to the continuous one and of the confinement
factor as expressed by the bubble diameter normalized by
the channel width lB/W.

The dependence of Vu/Vd on the relative length of bubbles
Lb/W for various liquid viscosities and gas flow rates is plot-
ted in Figure 4, where Lb is the length of the mother bubble
and is increased by decreasing the liquid flow rate Ql at a
given gas flow rate.49 At a fixed Lb/W, Vu/Vd increases with
the increase of the liquid viscosity. Vu/Vd increases with Lb/
W until to a maximum value (Vu/Vd)c before decreasing.
Whatever the liquid viscosity is, a critical bubble length (Lb/
W)c does exist and determines the turning of Vu/Vd as shown
in Figure 4. The critical bubble length (Lb/W)c remains rela-
tively constant, which seems to be correlated to the gas flow
rate as shown in Figures 4 and 5. Furthermore, the crossover
of the Vu/Vd is determined by the critical bubble length
(Lb/W)c rather than the critical flow rate ratio of gas and
liquid phases (Qg/Ql)c and the critical capillary number Cac,
as shown in Figure 5. For Qg 5 916 lL/min, Lb=Wð Þc5
2:1360:10, Cac 2 [0.0058, 0.024], (Qg/Ql)c 2 [0.46, 1.31]
and for Qg 5 2006 lL/min, Lb=Wð Þc51:7960:09, Cac 2
[0.012, 0.033], (Qg/Ql)c 2 [0.50, 2.23]. This reveals that the
bubble length is determined by the gas and liquid flow rates
and the liquid viscosity, the latter one could be expressed in
a dimensionless form Cac.

49 The critical bubble length can
be understood by the fact that the additional resistance in the
microchannel due to the presence of bubbles depends on the
bubble size as stated before,21,50 and the breakup of bubbles
at a T-junction is either driven by pressure decrement in a
narrow gap between the bubble and the channel wall for
partly or totally obstructed long bubbles28,30,51 or driven by
the Rayleigh–Plateau instability for nonobstructed short bub-
bles.19,28 The dynamical breakup of bubbles is affected by

the local pressure drop between the rear and tips of the
breaking bubble in the three arms of the T-junction.26,30,36,52

The typical pictures for the breakup of long and short bub-
bles at the T-junction with bubbles flowing through the
downstream channels are shown in Figure 6. It is interesting

Figure 6. Breakup of long and short bubbles.

Liquid phase: 0.5% SDS aqueous solution. (a) Long bub-

ble, Lb/W 5 3.30; (b) Short bubble, Lb/W 5 1.04. [Color

figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 7. Bubble breakup dynamics at the T-junction.

(a) Evolution of bubble breakup at the T-junction. Time

interval between the successive pictures is 2 ms. Pcap is

the pressure in the bubble before arriving at the junction.

Pu and Pd are the pressure at the tips of the invading

bubble in the upper and lower arms of the junction,

respectively. rr and ra are the radii of curvature of the

rear and front interfaces, respectively. rau and rad are the

radii of curvature of the front interface in the upper and

lower arms of the junction, respectively. (b) Characteristic

parameters for the bubble breakup. u is the superficial

velocity of the gas–liquid two-phase, d the minimum dis-

tance for the gap between the bubble and the wall at the

upper arm, d the thickness of the bubble neck at the

junction, lu and ld the length of the invading bubble at

the upper and lower arms of the junction, respectively

and t the time. (c) Evolution of the characteristic parame-

ters for the bubble breakup. Liquid phase: 0.5% SDS

aqueous solution with 25% glycerol, Qg 5 916 lL/min;

Ql 5 600 mL/min. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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to note that a critical length is also proposed to characterize
the breakup process for droplets in microfluidic junctions of
arbitrary angles36 and to identify a permanently obstructed
regime for droplet breakup at a symmetric T-junction at low
capillary numbers.29 Our study extends this notion and sug-
gests that the idea of introducing a characteristic length to
describe the breakup of bubbles and droplets in microfluidic
junctions can be generalized.

To gain insights into the breakup dynamics of long bub-
bles at the T-junction, the evolution of the interface during
the breakup is traced as shown in Figure 7. The entire pro-
cess for the bubble crossing the junction could be divided
into two stages: the filling stage as shown in No. 1–6 and
the breaking stage in No. 7–10 in Figure 7a. In the filling
stage, the invading bubble bifurcates at the T-junction, and
the repartition of the bubble in each arm is determined by
the resistance in each branch.36 Therefore, the portion of the
bubble in the lower channel is greater than that in the upper
one, as the resistance is lower in the lower channel. After
the repartition of the invading bubble in the T-junction, the
pressure drop of the two nods in the loop is balanced in the
two arm channels. During the breaking process, a deformed
neck is formed at the junction and is thinned by the dynamic
local pressure as demonstrated by Leshansky and Pismen30

and Song et al.26 The characteristic parameters involved in
the breaking process of bubbles are illustrated in Figure 7b
and the evolution for these parameters is also shown in Fig-
ure 7c. The velocities of the tips of the invading bubble
keep constant before the gap is opening. And, the gaseous
neck also thins at a constant velocity in the filling stage, and
then decelerates in the breaking stage. The explanation can
arise from by the fact that the pressure variation is position-
dependent owing to the interface deformations26. And, the
capillary pressure drop Pcap exists at a given position, which
may resist to the driving force26: Pcap 5r=rr2r=ra. In the
filling stage, the interface of the rear of the invading bubble
remains unchanged, whereas in the breaking stage, the inter-
face of the rear of the invading bubble is heavily deformed.
Therefore, the thinning rate of the bubble is smaller in the
breaking stage. Furthermore, as the invading of the bubble at
the T-junction is determined by the dynamic local pressure,
the pressures at the tips of the bubble Pu and Pd also play a
key role for the bubble breakup and for the repartition of the
daughter bubbles, which are determined by the resistance in
the downstream channels in the presence of bubbles and
plugs. The dynamical local velocity distributions around the
breaking bubble at the T-junction obtained by the micro-PIV
technique prove the aforementioned statements, as shown in
Figure 8.

Theoretical prediction for the repartition of bubbles at
the T-junction

Resistance of Long Bubbles in the Microchannel. The
flow rate in each of the arm branches determines the volume
of the daughter bubble: Vu/Vd / Qu/Qd / Rd/Ru, where Ru

and Rd are the resistance in the presence of bubbles for the
upper and lower arms of the T-junction, respectively. The

coherent resistance in the channel Ro with a pure fluid flow-
ing through it at a flow rate of Q could be estimated by the
following expression46

DPL5
12 12 192H

p5W
tanh pW

2H

� �� �21
lLQ

WH3
5QRo (2)

where DPL is the pressure drop along the channel with a
length L, width W, and height H, l is the viscosity of the
fluid within the channel.

Bubbles within the channel can induce additional resist-
ance to the flow, and the pressure drop across a single bub-
ble within the microchannel DPB can be evaluated by the
proposal of Bretherton50 for Ca � 1022 and of Ratulowski
and Chang53 for 1022 � Ca � 1021, by assuming Brether-
ton’s law50 to be valid in square cross-section52

DPB5

3:58
r
r

3lu

r

� �2=3

;Ca � 1022

3:58
r
r

3lu

r

� �2=3

29:07
r
r

3lu

r

� �0:95

; 1022 � Ca � 1021

8>>>><
>>>>:

(3)

The influence of bubble size and bubble number on the
resistance can be obtained by the following relationships

DP5DPf 1DPe (4)

DPf 5DPL 12/ð Þ (5)

DPe5nBDPB (6)

nB5
L

lB1lS
(7)

where DPf is the pressure drop induced by the liquid in the
channel, and DPe is the pressure drop induced by the bub-
bles. /(/5nBlB=L) is approximately the volumetric fraction
occupied by bubbles with the length of lB and number of nB.
lS is the length of the liquid plug. The pressure drop across
the upper channel DPu and the lower channel DPd in the
loop should be in equilibrium: DPu2DPd50, and the mass
conservation law makes Qo5Qu1Qd5Qg1Ql, and Qo is the
total flow rate of the gas–liquid two-phase flow in the
microchannel.

According to the aforementioned reasoning, the resistance
in a channel containing both liquids and bubbles R could be
expressed as

R5Ro 12/ð Þ1nBRB (8)

Ro5
12 12 192H

p5W
tanh pW

2H

� �� �21
lL

WH3
(9)

RB5
DPB

uWH
(10)

where RB is the resistance induced by a single bubble.
Therefore, for square microchannels

R5
28:36l L2nBlB1nB30:533Ca 21=3 �W

� �
=W4 Ca � 1022

28:36l L2nBlB1nB30:533Ca 21=3 �W2nB30:643Ca 20:05 �W
� �

=W4 1022 � Ca � 1021

(
(11)
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Resistance of Small Bubbles in the Microchannel. The
resistance of liquid filled microchannels containing small
droplets can be calculated by the following equations

DP5DPL1DPe (12)

DPe5nBDPB (13)

DPB5DPLlb=L (14)

R5Ro1nBRB5Ro 11lb=kð Þ (15)

where lb represents the additional resistance by each droplet
in the channel with an unit of length. RB5Rolb=L is the
excess hydrodynamic resistance due to each droplet.21,33

k (k5L=nB) is the distance between two successive droplets.

For droplets smaller than the channel width, lb=W is a dimen-

sionless function of the viscosity ratio for the dispersed phase

to the continuous one and of the geometrical factor lB/W.21

However, the exact expression for the additional resistance

induced by small droplets and bubbles with respect to chan-

nels filled up by a pure liquid cannot be obtained at hand and

should be improved in the future still. Therefore, for the small

bubble case, the pressure drop along the channel is calculated

using Eqs. 12 and 13, with DPB is still calculated using Eq. 3

due to the dependence of additional pressure drop induced by

small bubbles on the viscosity of the continuous phase.31

The predictions for the repartition of bubbles at the micro-
fluidic T-junction are obtained using the aforementioned

Figure 8. Velocity fields in the liquid phase around the breaking bubble at the junction obtained by the micro-PIV.

Liquid phase: 0.5% SDS aqueous solution with 62% glycerol, Qg 5 154 mL/min; Ql 5 200 mL/min. (a) t ms, (b) t 1 133.33 ms, (c)

t 1 400 ms, (d) t 1 1333.33 ms, (e) t 1 533.33 m, (f) t 1 1466.67 ms. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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approaches, and the comparison between the theoretical val-
ues and the experimental data is illustrated in Figure 9. The
calculated values compare satisfactorily with the experimen-
tal data for relatively long bubbles (Lb=W 2 1:75; 4:0½ �)
under low liquid viscosities (l � 6:53mPa s). The slight dis-
crepancy between the experimental data and the theoretical
values may stem from the collision of bubbles at the second
T-junction convergence as shown in Figure 10,24,27,41 or
from the simplifying assumptions used in constructing our
model to use well-established pressure-flow relationship of
Eq. 3. These collisions could dynamically modify the pres-
sure equilibrium between two arms. The relatively large dis-
crepancy between the experimental data and the theory for
the high liquid viscosity might be due to the disjoining pres-
sure in thin films of liquid in contact with the solid surface
of the channel wall.50 Therefore, it is also an urgent task to
compensate the aforementioned predictions for the collision
case24,27 and the high viscosity case. Nevertheless, for the
small bubbles case, the deviation exists as expected, but for-
tunately, the theoretical calculation can predict the increase
of Vu=Vd with Lb/W. Furthermore, Vu=Vd can be obtained
through the aforementioned theory for the resistance at the
presence of bubbles in liquid filled channels to guide the tai-
loring of bubbles at a T-junction as Vu

Vu1Vd
5

Vu=Vd

Vu=Vd11
and

Vd

Vu1Vd
5 1

Vu=Vd11
.

Limitations and Suggestions. The pressure drop in the
liquid filled microchannels containing slug bubbles includes
three parts: the one along the slug bubble induced by the
frictional loss in the liquid film and gutters between the bub-
ble and the channel walls, the one induced by the Laplace
pressure across the caps of the slug bubble, and the one in
the liquid plug.47 The pressure drop induced by the frictional
loss in the liquid film and gutters between the bubble and
the channel walls is often neglected in comparison with the
other two kinds of pressure drops, both for bubbles in
surfactant-free liquids and for the liquid phase with surfac-
tants whose concentration is high enough [usually above its
critical micelle concentration (CMC) value].47,54–57 The
former case is validated analytically using a matched-
asymptotics method by Bretherton,50 and the reason is
because there is no dissipation in the middle stagnant film

region for the cylindrical part of the bubble. The latter case
is also validated theoretically by Stebe et al.55 and experi-
mentally by Fuerstman et al.47 Stebe et al.55 have shown that
a surfactant-laden interface may mobilize when the bulk sur-
factant concentration is high enough, and the surfactant con-
centration is uniform along the interface, that is, the
Marangoni forces are zero. Thus, the motion of a surfactant-
laden bubble is the same as that of a surfactant-free bubble,
with its surface tension is lower by a constant value every-
where on the interface. Fuerstman et al.47 also confirmed
experimentally that at high concentration of surfactant, mole-
cules of the surfactant adsorb onto the interface rapidly and
the surface of the bubble in the liquid flow cannot establish
a gradient. With this rapid remobilization, the saturated inter-
face is then the same as a bubble in surfactant-free liquid.
However, for intermediate concentrations of surfactant in the
liquid, the pressure decreases most rapidly across the body
of the bubble owing to the gradient in the concentration of
surfactant along the interface, giving rise to tangential sur-
face tension tractions (Marangoni tractions) which can
immobilize the interface. This would increase the pressure
drop across the length of the bubble, because of the large
shear stresses induced in the thin wetting film around the gas
slug.47,58 In this study, surfactant SDS is added to the contin-
uous phase with a concentration of 0.5%, which is above
twice of the CMC value of SDS (about 0.24%) in the contin-
uous phase. It is assumed that the concentration of surfactant
SDS is high enough to make the interface with uniform con-
centration of surfactant to behave like a bubble in surfactant-
free liquid and the pressure drop along the cylindrical body
of the bubble can be neglected to make sure that the pressure
drop across bubbles can be obtained by using the Bretherton
expression for low Ca50 and Ratulowski and Chang expres-
sion for high Ca53 as illustrated in Eq. 3.

The pressure drop of liquid filled microchannel containing
slug bubbles is also influenced by the cross-section of the
channel. Ratulowski and Chang established an empirical
relationship between the pressure drop across a bubble and
the capillary number in square cross-sectional microchannels

Figure 9. Comparison between the experimental data
and the theoretical prediction for the splitting
ratio of the bubble size at the T-junction.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Bubble collision at the second T-junction
convergence.

Liquid phase: 0.5% SDS aqueous solution. (a) Long

bubble, Lb/W 5 3.30; (b) Short bubble, Lb/W 5 1.70.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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as DPB512:2Ca 0:55 for nonaxisymmetric cross-section of the
bubble when 331023 < Ca < 0:1.53,59 This relationship is
purely empirical and deviates from the theoretical one pro-
posed by Bretherton for circular microchannels50 and by
Wong et al. for rectangular microchannels.60 Wong et al.60

extended Bretherton’s analysis50 to rectangular microchan-
nels with the aid of numerical computation. Both groups
found that DPB scales as r=r (r is the radius of the micro-
channel), and r=r is proportional to Ca 2=3. However, the
analysis by Wong et al.60 do not provide an explicit function
form for DPB � rCa 2=3=r. Although the expressions devel-
oped by Bretherton50 and Ratulowski and Chang53 are not
strictly applicable to the square geometry, our results show
the possibility of using previous laws to model the dynamics
of slug bubbles in our channels. It is plausible to explain this
by the fact that at high concentration of surfactant, the satu-
rated interface behaves like a bubble in surfactant-free liq-
uid, and liquid can no longer flow through the gutters
between the bubble and the channel walls in the corners of
the channel.47 Thus, the pressure drop due to the viscous dis-
sipation in the gutters can also be neglected in this case.
Nevertheless, further studies on hydrodynamic feedback on
bubble breakup in rectangular microchannels need to be
improved experimentally and theoretically.14,52,60–63

The resistance induced by small bubbles or droplets to the
liquid filled microchannels is far more than mature. The Pan-
izza’s group has developed a model to calculate the addi-
tional resistance induced by small droplets as shown in Eqs.
12–15.21,33 However, an explicit expression is missing still
for the relationship between the representitive resistance
induced by small droplets and its size, as well as the viscos-
ity ratio between the two phases. We attempted to obtain
this relationship from the literature such as in Belloul
et al.,27 Glawdel et al.,40 Coulliette and Pozrikidis,64 but it
can not help. For example, from Figure 5 in Belloul et al.,27

we obtained lb=W55:51lB=W23:33, with 0:6 < lB=W < 1:2,
and the viscosity ratio between the dispersed phase and the
continuous phase is about 1. Labrot et al.65 found that the
value of lb remains approximately constant as long as the
droplet viscosity is lower than the viscosity of the surround-
ing phase. However, Glawdel et al.40 found that the value of
lb is sensitive to the viscosity ratio between the dispersed
phase and the continuous phase. Furthermore, the representi-
tive resistance induced by small bubbles can not be obtained
from the literature, to the best of our knowledge. Therefore,
the information on the additional resistance induced by small
droplets and bubbles need to be improved experimentally
and theoretically.

Conclusions

In summary, the breakup of bubbles at a microfluidic T-
junction in an asymmetric loop is affected by the additional
resistance in the presence of bubbles in downstream chan-
nels, which is dependent on the gas and liquid flow rates and
the liquid viscosity. The additional resistance of a single
bubble relies on its size: for the long bubble, the added
resistance could be expressed by Bretherton equation50 and
Ratulowski and Chang equation,53 which is related to the
capillary number; whereas for the short bubble, the supple-
mentary resistance could be expressed as a representative
length, which is not well characterized and requires still fur-
ther works. The hydrodynamic feedback of bubbles in down-
stream channels to the breakup dynamics of bubbles at the

T-junction is owing to the variation of the local pressure,
which is related to the pressure drop along the downstream
channels. Our results suggest that the flow resistance due to
the dispersed phase such as bubbles should be taken into
account for the design of microfluidic distributors and paral-
lel microreactors. Further studies on the bubble breakup at
asymmetric T-junctions should be performed for various
cross-sectional channels such as rectangular and circular for
the arms of the T-junctions.
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