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a b s t r a c t

In this paper a series of perpendicular rupturing flow routes with differing angles ranging from 30◦ to 150◦

between the entrance channels were used to control the gas–liquid phase dispersed flow in T-junction
microfluidic devices. Uniform gas bubble plugs were produced in consistent, two-phase flows within
the channels of the microfluidic devices. Both the gas–liquid flow and the size of the gas bubbles, which
ranged from 800 to 3100 �m in length, depended on several influential factors including the flow rates, the
eywords:
icrofluidic

-junction
ngle of intersection
onodisperse

physical properties of the liquid phase, and the angle between entrance channels. Considering these factors
and the equilibrium between the shear force and interfacial tension within the microfluidic channels, an
equation was derived in the form of L/w = 1/2(QG/QL sin � + 2/5 cot �)1/2Ca−1/5 relating the angle between
the entrance channels of the two phases to the gas bubble plug length within the microfluidic device.
The relationship allows for the prediction of gas bubble plug length in T-junction microfluidic devices
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. Introduction

Micro-sized bubbles have recently caught the attention of many
esearchers for their numerous and diverse applications to expand-
ng scientific fields and emerging technologies. Microbubbles have
lready shown great potential as ultrasound contrast agents, thera-
ies for thrombus destruction, and new targeted drug delivery and
otation column methods [1–4]. In all of these applications, the
ubble size and distribution are important parameters.

Similarly, microfluidic devices have also gained the attention of
any researchers in the past several years for their application to

n-chip separations [5–7], kinetic analysis [8,9], and protein crys-
allization [10,11]. These devices, and the exact control of small
olumes of fluids and understanding of multiphase flows which
hey require, make them potentially suitable systems for monodis-
erse gas bubble production.

In the past, dispersions in liquid–liquid systems have been
chieved using several different methods including geometry-
ominated break-up [12], hydrodynamic flow focusing through a

mall orifice [13,14], and two-phase cross-flowing rupture streams
n T-junction microfluidic devices [11,15–19]. The mechanisms in
ll these methods are primarily driven by the drag force of the con-
inuous phase and the momentum of the dispersed phase, and past
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anging from 30 to 150 and is thus potentially useful for the controllable
as bubbles.

© 2008 Elsevier B.V. All rights reserved.

tudies have investigated the effects of parameters such as flow
ate, viscosity and interfacial tension on these forces. Many recent
tudies have also focused on gas–liquid dispersions in microflu-
dic devices. Ganan-Calvo et al. [20–22] described the formation
f monodisperse gas bubbles using a hydrodynamic flow focus-
ng method through capillaries and orifices. Garstecki et al. [23,24]
roduced monodisperse bubbles with frequencies exceeding 105

ubbles per second by using a flow focusing devices and found that
he volume of the bubbles, Vb, scaled with the flow rate of the gas
tream, QG, and the flow rate of the liquid stream, QL, according to
he relationship Vb ∝ QG/QL. Xu et al. [25] prepared monodisperse

icrobubbles using a cross-flowing shear-rupturing technique in a
-junction microfluidic device and found the diameter of the bub-
les scaled with the liquid flow rate, uL, and the liquid viscosity,
L, as db ∝ 1/uG�L. Yasuno et al. [26] described the formation of
onodisperse microbubbles using a geometry-dominated breakup
ethod on a microchannel plate. Their study showed that the bub-

le/plug size was mainly affected by the operating conditions and
he physical properties including surface/interfacial tension and
ontinuous phase viscosity.

In our previous work, uniform liquid plugs were produced using
cross-junction microfluidic device, and a controlled preparation

f monodisperse emulsions was achieved with a new perpen-
icular rupturing channel [27]. The mechanisms controlling the
ormation of plug flow have been thoroughly discussed, and a
uantitative equation has been developed to predict the plug
ength. Considering the comparability between gas–liquid and

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:gsluo@tsinghua.edu.cn
dx.doi.org/10.1016/j.cej.2008.10.024
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out narrower channels near the intersections and found that the
Fig. 1. The T-junction microfluidic device with intersection angle �.

iquid–liquid systems, we introduced the new perpendicular rup-
uring flow channel into T-junction microfluidic devices to produce
niform gas-plug flow in water. In addition, an improved T-junction
icrofluidic device was designed to maintain a more stable gas

tream pressure at the intersection of the two fluids. T-junction
icrofluidic devices with different angles of intersection were used

o form gas-plug-in-water dispersion flow, and the influence of
he angle of intersection between the two entrance channels on
lug length was investigated. Here, we also discuss the mecha-
isms behind the formation of gas-plug-in-water flow and propose
quantitative equation developed to predict the gas plug length.

. Experimental

.1. Microfluidic device

T-junction microfluidic devices with differing angles of inter-
ection were fabricated on a 60 mm × 40 mm × 3 mm polymethyl
ethacrylate (PMMA) plate using an end mill. Both the straight

nd intersecting channels were 500 �m wide × 400 �m high.
t the intersection, both channels become narrower, 200 �m
ide × 200 �m high, with the narrow section on the intersecting

hannel 1 mm in length and the narrow section on the straight
hannel 3 mm in length (Fig. 1). The microfluidic devices were
ealed using another 1 mm thick PMMA plate cured at 105 ◦C

sing high-pressure thermal sealing techniques. Two microsyringe
umps were used to pump the two phases into the two flow chan-
els. The liquid phase was pumped into the intersecting channel.
ig. 2 shows photos of the T-junction microfluidic devices.

g
t
o
2

Fig. 2. T-junction microfluidic de
Journal 146 (2009) 428–433 429

.2. Materials

Air at 20 ◦C was used for the gas phase. Aqueous solutions with
, 15, 24, 30, 35 wt.% glycerol were used as the liquid phases. Either
DS or Tween 20 at 1 wt.% concentration was used as the water-
oluble surfactant added to the liquid phase.

Glycerol, SDS and Tween 20 used in the experiment were ana-
ytically pure and purchased from Beijing Chemical Plant.

.3. Apparatus and analysis

The surface tension was measured with the pendant drop
echnique using a DataPhysics Instruments GmbH (Filderstadt).
xperiments were carried out with a microscope at 40× mag-
ification. A high-speed CCD video camera was connected to
he microscope and images were recorded at a frequency of
00 images/s. The lengths of the plugs were measured from the
icroscope images and after changing any of the flow parameters,

00 s of equilibration time was observed.

. Results and discussion

.1. Gas–liquid flow in the T-junction microfluidic device with
erpendicular rupturing

In our previous study, we examined a new flow channel route,
hich utilizes a perpendicular shear force induced break-up to pro-
uce monodisperse droplets in a T-junction microfluidic device. The
evice employs a quartzose capillary embedded into the perpen-
icular channel as the water-phase flow channel [19]. Using this
ystem, we prepared oil-in-water (O/W) and water-in-oil (W/O)
mulsions in a symmetrical cross-junction microchannel [27]. In
his study, we examined gas–liquid flow in the T-junction microflu-
dic devices with different intersecting angles between the two
ntrance channels by adding a surfactant into the liquid phase.

Ordered gas-plug flow was achieved when SDS was added,
ecreasing the surface tension from 72.75 to 27.15 mN/m. Con-
istent two-phase flow occurred only sporadically if SDS was not
dded to the system. We also tested the microfluidic devices with-
as plugs formed were non-uniform because of the instability of
he pressure at the intersection. Thus, with these modifications,
rdered gas-plug flow with polydispersity index values of less than
% was achieved.

vices with different angles.
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Fig. 5. Influence of liquid phase viscosity on gas plug length, QL = 20 �L/min.

Table 1
Viscosity and surfacial tension of aqueous solutions with different glycerol
concentration.

Glycerol
concentration (wt.%)

Viscosity of
solution (mPa s)

Surfacial tension of
solution (mN/m)

2
3
3

t

i
w
t
t
m
s
i
t

w
m
persed phase flow rate, and Ca is the capillary number defined as
Ca = u �/� .
ig. 3. Micrographs illustrating the influence of the gas phase flow rate on gas plug
ength.

Our prior research also indicated that the size of the dis-
ersed phase is independent of the surfactant concentration when
he surfactant concentration is higher than the critical micelle
oncentration (Cmc) [27]. In these experiments, the surfactant con-
entration was higher than Cmc, which was 9.7 mmol/L for SDS [28].

Other parameters were also investigated to determine their
nfluence on gas plug length. Fig. 3 shows the micrographs of gas
lugs under different liquid phase flow rates with a fixed gas phase
ow rate of 60 �L/min. Fig. 4 shows the effect of different flow
ates on gas plug length. As shown in Fig. 4, the gas plug length
ncreases as the gas phase flow rate increases, and decreases as the
iquid phase flow rate increases. However, the gas plug length at
L = 60 �L/min slightly decreases when the gas phase rate increases

o 140 �L/min. This phenomenon is probably caused by the insta-
ility of the two-phase interface as the shear force increases, as
eported in the literature [29]. However, the data in the unsta-
le region is not considered in this work and will be addressed

n further research.
Aqueous solutions with 0, 15, 24, 30, 35 wt.% glycerol were used

o determine the effect of the viscosity of the liquid phase on gas
lug length at a fixed liquid phase rate of 20 �L/min. As shown

n Fig. 5, the gas plug length decreases with the increase of the
iquid phase viscosity, �, while the change of surfacial tension is
nobvious, as shown in Table 1.

Tween 20 was used as the surfactant to determine the effect

f the liquid phase surface tension on gas plug length at a liquid
hase flow rate of 40 �L/min. The concentration of Tween 20 was
wt.%, higher than its Cmc value of 0.028 mmol/L [30]. As shown in
ig. 6, the gas plug length increases with the increase of the surface

Fig. 4. Influences of two-phase flow rates on gas plug length.

a
m

F
Q

15 1.517 32.98
4 2.025 34.08
0 2.501 32.85
5 3.040 35.11

ension of the liquid phase, � .
As shown above, the gas plug length decreases with the increase

n the velocity and viscosity of the liquid phase, while it increases
ith the increase in the velocity of the gas phase and the surface

ension of the liquid phase. These results are similar to those from
he symmetrically perpendicular rupturing in the cross-junction

icrofluidic device [27]. By considering the equilibrium between
hear force of the continuous flow and interfacial tension, and the
nfluence of the two-phase flow ratio on the shape of the interface,
he plug length could be expressed by (Eq. (1)) as

L

w
= k

(
Qd

Qc

)˛

Caˇ (1)

here L is the dispersed phase plug length, w is the width of the
icrochannel, Qc is the continuous phase flow rate, Qd is the dis-
c

Considering the comparability of the plug formation mech-
nisms in the symmetrical and asymmetrical cross-junction
icrochannels, we used (Eq. (1)) to predict the gas plug length in

ig. 6. Influence of the liquid phase surface tension on gas plug length,
L = 40 �L/min.



J. Tan et al. / Chemical Engineering

t
s
o

w
r
l
t
c

d

[
c
s
t
b
o
i
t
t
j

3
d

d
1
F
g
d
t
i
p

T
I

E

�
�
�

Fig. 7. Comparison between correlated values and experimental data.

he new T-junction microfluidic devices as well and a linear regres-
ion was used to evaluate the data. The equation for the calculation
f the plug length was thus

L

w
= 1

2

(
QG

QL

)1/2

Ca−1/5 (2)

here QG is the gas phase flow rate, QL is the liquid phase flow
ate, and Ca is defined as Ca = uL�/� , where uL is the velocity of

iquid phase in the main straight channel. This correlation equa-
ion appeared to provide a good fit across the entire range of data
ollected from the experiments, as shown in Fig. 7.

Comparing (Eq. (2)) with the previous result for liquid–liquid
ispersed flow in symmetrical cross-junction microfluidic device

t
t
t
p
t

Fig. 8. Influences of two-phase flow rates o

Fig. 9. Images of gas rupture events at differen

able 2
nfluence of the entrance angle on plug length.

ntrance angle Gas plug length (�m)

QL = 20 �L/min, QG = 40 �L/min QL = 20 �L/min, QG = 80 �L/m

= 60◦ 1930 2468
= 90◦ 1705 2344
= 120◦ 1782 2366
Journal 146 (2009) 428–433 431

27], L/w = 8/5(Qd/Qc)1/5Ca−1/5, we found out that the power of the
apillary number, ˇ, which characterizes the equilibrium between
hear force of the continuous flow and the interfacial tension, has
he same value. This implies that the power of the capillary num-
er, ˇ, is only affected by the main channel and is independent
f the different intersecting structures in these types of microflu-
dic devices. Furthermore, any difference in ˛, the ratio between
he continuous phase and the dispersed phase which characterizes
he shape of the interface, should be attributed to a change in the
unction of the microfluidic device.

.2. Gas–liquid flow in T-junction microfluidic devices with
ifferent entrance angles

In this series of experiments, we used T-junction microfluidic
evices with the entrance channels intersecting at angles of 60◦ or
20◦ to realize gas–liquid dispersed flow with uniform gas plugs.
ig. 8 shows the effect of different flow rates on plug length. The
as plug length increases as the gas phase flow rate increases, and
ecreases as the liquid phase flow rate increases, showing the same
rend as the microfluidic devices with a perpendicular intersect-
ng channel. As shown in Table 2, at constant flow rates for both
hases, the plug length reaches a minimum value at an intersec-

ion angle of 90◦. This phenomenon is most likely due to the fact
hat a maximum rupturing velocity and thus a minimum value for
he rupturing time is reached at a 90◦ angle, resulting in a smaller
lug length. As shown in Fig. 9, the entrance channel angle makes
he shape of the interface and rupturing time different.

n plug length. (a) � = 60◦; (b) � = 120◦ .

t angles. QL = 20 �L/min, QG = 40 �L/min.

in QL = 40 �L/min, QG = 60 �L/min QL = 60 �L/min, QG = 100 �L/min

1547 1473
1324 1304
1374 1374
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The gas plug length formed in a T-junction microfluidic device
Fig. 10. Sketch of the rupture process of gas plug at the intersection.

Correlations were made by extending the results of the gas plug
ength experiments in the perpendicular T-junction microfluidic
evices to the microfluidic devices with entrance channel intersec-
ion angles � = 60◦ and � = 120◦. Both the shape of the interface and
he equilibrium between the shear force of the water flow and the
urface tension were also considered.

The influence of the interface shape on the gas plug length L1
as analyzed as follows. The rupturing of the interface causes the

ormation of the gas plug. As shown in Fig. 10, in the perpendic-
lar T-junction microfluidic device, the gas stream is sheared by
he liquid stream with a velocity of uL = QL/h1w1 until a gas plug is
ormed. During the rupture time t = w2/uL, the volume of gas plug
ormed should be V = QGt = uGh2w2(w2/uL). Therefore, the influence
hat the shape of the microfluidic device exerts on gas plug length
s proportional as

1 ∝ uG

uL

e consider the influence of the angle between the two entrance
hannels on this process in two different aspects. First, the perpen-
icular velocity required to rupture the plug must be modified to
′
L1 = uL sin �. However, the influence of the horizontal contribution
f the liquid velocity on the gas flow rate in the formation stage
hould also be considered. For a channel with intersecting angle
, the horizontal part of the liquid velocity is u′

L2 = uL cos �. This
elocity is co-current with the gas flow when � < 90◦, but counter
urrent with the gas flow when � > 90◦. We assume that the effect
f u′

L2 leads to the modification of the gas velocity as

′
G = uG + �uL cos �
here � is an efficiency coefficient, which changes as � goes from
eing less than to greater than 90◦.

Considering both the horizontal and vertical components of the
iquid phase velocity influence of the angle of the intersecting chan-

w

Fig. 12. Comparison between experiment data a
Fig. 11. Comparison between correlated values and experimental data.

el, �, on the plug length can be expressed as

1 ∝ u′
G

u′
L

= uG + �uL cos �

uL sin �
= QG

QL sin �
+ � cot �

Yet another factor affecting the length of gas plug is the
quilibrium between the shear force of the water flow and the
nterfacial tension, which is characterized by the capillary num-
er (Ca = uL�/�). The balance between the surface tension and the
hear force was considered only in the main channel because the
arrow channel is very short, and the water flow velocity is inde-
endent of the angle between the two entrance channels. Thus, the

iquid velocity uL used in calculating capillary number Ca has not
een modified.

Considering the influence of the entrance angle on both the
hape of the interface and the equilibrium between shear force of
he liquid flow and the interfacial tension, we assume that the gas
lug length could be expressed as

L

w
= k

(
QG

QL sin �
+ � cot �

)˛

Caˇ

here the parameters k, ˛ and ˇ are all the same as those deter-
ined before using the data in the perpendicular channel.
A linear regression was used to evaluate the parameters �1

nd �2 in T-junction microfluidic devices with intersecting angles
= 60◦ and � = 120◦, respectively. The regression showed that
1 = �2 = 0.4.
ith angle � was then predicted using (Eq. (3)).

L

w
= 1

2

(
QG

QL sin �
+ 2

5
cot �

)1/2

Ca−1/5 (3)

nd predicted data. (a) � = 30◦; (b) � = 150◦ .
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The correlation equation provided a good fit across the entire
ange of data, as shown in Fig. 11.

.3. Further verification of the model

To further verify the experimental results, gas–liquid dispersed
ow was also examined in T-junction microfluidic devices with

ntersection angles � = 30◦ and � = 150◦. Fig. 12 shows the close
greement in the comparison between the experimental data and
he predicted results.

. Conclusions

In this paper, we introduced a new perpendicular rupturing
ow route to control the gas–liquid dispersed flow in T-junction
icrofluidic devices with different angles of intersection between

he two entrance channels. The microfluidic system was modi-
ed by adding a surfactant to the water phase and by making
he channels at the intersection of the T-junction microfluidic
evices more narrow. The two-phase flow patterns were dependent
n the flow rates of both the continuous phase and the dis-
ersed phase. In the perpendicular T-junction microfluidic device,
he gas plug length decreased with the increase of the velocity
nd viscosity of the liquid phase, whereas it increased with the
ncrease of the velocity of the gas phase and the surface ten-
ion of the liquid phase. The gas plug length was predicted using
he equation L/w = 1/2(Qd/Qc)1/2Ca−1/5. Considering the influence
f the angle between the entrance channels, �, on the interface
hape and the equilibrium between the shear force of the water
ow and the interfacial tension, modifications were proposed to
xtend the equation’s prediction capability to T-junction microflu-
dic devices with different, non-perpendicular intersecting angles
anging from 30◦ to 150◦. The gas plug length in microfluidic
evices with intersecting angles � = 60◦ and � = 120◦ was expressed
s L/w = 1/2(QG/QL sin � + 2/5 cot �)1/2Ca−1/5. This model provided a
ood fit across the entire range of experimental data. The extended
quation also provided a good prediction for the gas plug length in
icrofluidic devices with intersecting angles � = 30◦ and � = 150◦.

he equation can thus potentially be useful in achieving a more
recisely controlled preparation of monodisperse gas bubbles.
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