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Abstract

In this work, the dynamics of bubble formation in a highly viscous liquid in a co-flowing microfluidic device is experimentally
investigated. The evolution of gaseous thread in the co-flowing device is recorded using a high-speed camera. The bubble
formation process can be divided into three stages: retraction stage, expansion stage, and collapse stage. According to an
analysis of the forces acting on the gaseous thread, the bubble formation in the co-flowing device is a competitive result of
the surface tension, pressure difference and shearing effects. The surface tension effect plays an important role in the retrac-
tion stage. In the expansion stage, the pressure difference effect dominates the bubble’s growth. While in the collapse stage,
the shearing effect leads to the interface breakup. Three empirical correlations are proposed according to the experimental

data and can be used to predict bubble formation frequency, the diameter and length of the generated bubbles.
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1 Introduction

Microbubble formation and dynamics have attracted consid-
erable interests during the past decade because of their wide-
ranging applications in the chemical (Takahashi et al. 2007;
Yue et al. 2007), material science (Yen et al. 2005), medi-
cine (Blomley et al. 1999; Ferrara et al. 2007), ultrasonic
cleaning (Kim and Kim 2014), environmental engineering
(Burns et al. 1997), and mineral flotation (Calgaroto et al.
2016) industries, among others. A thorough understanding
of the formation mechanism of microbubbles will provide
theoretical guidance for bubble applications. Therefore,
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many scholars have explored microbubble formation and
its dynamic characteristics (Fu et al. 2009a; Ganan-Calvo
and Gordillo 2001; Ganan-Calvo et al. 2006; Garstecki et al.
2006; Hong and Wang 2006), and research has shown that
microfluidic technology is an effective bubble formation
method (Koch et al. 2000; Stone et al. 2004).

The applications of microbubbles in highly viscous lig-
uid are frequently encountered in polymer (Bloch et al.
2004; Nair et al. 2009) and food engineering (Ballestra
et al. 1996; Campbell and Mougeot 1999). Liquid viscos-
ity plays an important role in the formation of microbub-
bles (Lu et al. 2014; Pancholi et al. 2008a; Parhizkar et al.
2012; Wang et al. 2011). The bubble formation charac-
teristics in highly viscous liquid have been investigated
by several researchers. Burton et al. (2005) analyzed the
pinch-off of nitrogen gas bubbles in a highly viscous lig-
uid (1> 100 cP) experimentally. The bubble neck radius
was found to be proportional to the time before break,
and decreases smoothly to zero. Thoroddsen et al. (2007)
focused on the effects of liquid viscosity on the pinch-off
speed and neck region, and the results showed that the
increasing viscosity can slow down the bubble pinch-off
process, lengthen the vertical spacing between the cones.
Pancholi et al. (2008b) studied the formation characteris-
tics of bubbles in a highly viscous liquid in a T-junction
device and indicated that liquid viscosity has a significant
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influence on bubble formation and the size of the gener-
ated bubble. Bolanos-Jimenez et al. (2009) investigated
the effect of liquid viscosity on the air bubble formation
immersed in a stagnant liquid. Based on a Rayleigh-like
pair of equations, they effectively described the bubble
pinch-off process in the liquids of intermediate viscos-
ity. Lu et al. (2016) presented the breakup dynamics of
the gas—liquid interface for Taylor bubble formation in a
microfluidic flow-focusing device. The results suggested
that the evolution of the gas-liquid interface during bubble
formation is driven by the interfacial force and possesses
a self-similar shape, and the characteristic parameters for
the similarity depend on the liquid viscosity. Zhang et al.
(2017) reported the dynamics and mechanism of N, bubble
formation in highly viscous glycerol-water mixtures in a
flow-focusing device. The evolution of the volume of the
gaseous thread during bubble formation was also recorded
and analyzed.

Among different microfluidic bubble generation
devices, co-flowing technology has the advantage of easy
processing, easy assembly, and reusability and has been
adopted by many researchers to generate bubbles for dif-
ferent purposes. Castro-Hernandez et al. (2011) reported
that the microbubbles produced in a co-flow device is a
function of viscosity ratio and liquid flow rate ratio, and
they also claimed that the pressure gradient in the entrance
region is the reason for bubble formation in low viscosity
liquids. Van Hoeve et al. (2011) proposed the equation to
predict the radius of gas jets in co-flowing streams and
stated that flow rate ratio and outer tube radius are the con-
trol parameters. For bubble formation in coflowing devices
using low viscosity liquids (like water), liquid inertia
dominates over viscous and surface tension forces at large
Reynolds and Weber number (Rodriguez-Rodriguez et al.
2015). However, Zhang et al. (2014) found that the sizes
of bubbles generated in a novel co-flow-focusing device
are controlled by the liquid flow rate and liquid viscosity,
and the existence of a shear stress is one key ingredient
for bubble formation. Moreover, Li et al. (2017) studied
microbubble formation using a capillary tube surrounded
by a co-flowing liquid in a mechanically assembled micro-
fluidic chip and developed a modified two-stage model
for the prediction of microbubble formation. Wang et al.
(2013) investigated the mechanism of bubble formation
in coaxial streams using different dispersed-phase gases
and different concentrations of continuous-phase liquids
and analyzed their influences on bubble size. Bhunia et al.
(1998) analyzed the roles of multiple forces in the pro-
cess of bubble formation in coaxial flow, and an overall
force balance describing bubble dynamics was developed.
Wang (2015) numerically studied the microbubble for-
mation characteristics in coaxial flow and focused on the
dynamic process of bubble formation under Taylor flow.
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The influence of gas nozzle length on the formation of
bubbles was also demonstrated.

Although many efforts have been devoted to the bubble
formation mechanism and the prediction of bubble size in
co-flowing devices, most of these studies have focused on
bubble formation in low viscous fluids, and the breakup
mechanism in the bubble formation has been debated (Anna
2016). Studies on the bubble formation in highly viscous
liquids have been carried out in micro flow-focusing and
T-junction devices. Therefore, it is necessary to investigate
the mechanism and dynamics of bubble formation in highly
liquid in co-flowing device. In the present work, a compre-
hensive study of the dynamics of bubble formation in highly
viscous liquid in a co-flowing microfluidic device is carried
out. The remainder of this paper is organized as follows.
Section 2 demonstrates the experimental setups. Section 3
describes the detailed bubble generation process and dynam-
ics. Finally, Sect. 4 elaborates the conclusions of the study.

2 Experimental setup

The experimental system for bubble generation is shown in
Fig. 1. This installation is mainly composed of a nitrogen
cylinder, a syringe pump (Harvard Pump 11 Elite), a co-
flowing microfluidic chip, an inverted microscope (Nikon
Eclipse Ti-S), and a high-speed camera (NAC MEMRE-
CAM HX-6). The high-speed camera runs at a frame rate
of up to 10 kHz in all present experiments, which can take
approximately 400-900 images within a single bubble for-
mation cycle. The inlet gas pressure is controlled and stabi-
lized by a pressure regulator (SMC IR2010) and a gas tank.

The co-flowing microfluidic chip is fabricated by insert-
ing two nested glass capillaries, an injection capillary and
a collection capillary, in a square-section glass channel, as
shown in Fig. 2. The gap between the collection capillary
and square-section glass channel is blocked to ensure that
the liquid and generated bubbles flow through the collection
capillary. Hence, the co-flowing microfluidic chip includes
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Fig.1 Schematic of the experimental setup
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Fig.2 Schematic of the co-
flowing microfluidic chip

liquid inlet @,

an inner coaxial gas inlet, an outer coaxial liquid inlet, and
a two-phase outlet. The internal diameters of the injection
and collection capillaries, D, and D), respectively, are both
550 um. The internal diameter of the injection nozzle D;,
is 165 um, and the length of the insert L, is 340 um. The
inclination angle of the tapered nozzle a is 5.

Glycerol (y=1172 mPa s, p=1.26 g/cm?) is chosen as
the continuous phase and nitrogen (99.99%) is used as the
disperse phase. The viscosity of glycerol is much larger than
that of low viscous fluid; that is, the viscosity of water is
1.01 mPa s at 20 °C. The surface tension y is 63.70 mN/m.
The viscosity and surface tension are measured using a vis-
cometer (Lichen NDJ-5S) and a Wilhelmy plate tensiometer
(Shanghai BYZ-2), respectively. All the experiments are car-
ried out at a room temperature of 20 +0.5 °C.

The generated bubbles in the channel are not spherical
because of the viscous shear force and pressure difference

Fig.3 Typical bubble forma-
tion cycle when p, =100 kPa,
0,=3.7mL/h

___If)in‘ D, . outlet

between the inlet and outlet. To measure the bubble diam-
eter, the non-spherical bubbles are collected within a glass
culture dish, because the nitrogen bubbles are relatively sta-
ble in glycerol. Thus, spherical bubbles can be achieved and
the bubble diameter can then be measured, by taking into
consideration the pressure difference. Five measurements
are repeated and the average value is adopted to guarantee
measurement accuracy.

3 Results and discussion
3.1 Bubble formation process
A typical bubble formation cycle in the co-flowing micro-

fluidic device is shown in Fig. 3. The shape evolution of the
gaseous thread is recorded using the high-speed camera. The
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pressure of the gas inlet is set to 100 kPa, and the flow rate
of the liquid inlet is 3.7 mL/h. The bubble formation period
is approximately 42.1 ms.

In the present study, the breakup moment of the gaseous
thread with the inlet gas in the bubble formation process is
chosen as the starting point of the new bubble formation
cycle, as shown in Fig. 3a. This instantaneous time is rec-
ognized as 0 ms. The gaseous thread retracts upstream after
the breakup because of the surface tension effect. Then, the
thread begins to expand quickly as a result of the high gas
pressure in the injection capillary. With the expansion of the
gaseous thread, a neck begins to appear, as shown in Fig. 3g,
and the diameter of the neck gradually decreases. Finally, the
gaseous thread neck collapses sharply and a single bubble
is generated.

To quantify the bubble formation characteristics, the gas-
eous thread neck is defined, located at the minimum diam-
eter between the injection capillary and gaseous thread, as
can be seen in Fig. 3g. However, at the beginning of the
bubble expansion process, the gaseous thread is ellipsoid
and no neck can be found, as shown in Fig. 3c—e. So, a refer-
ence position, the breakup position, is defined as the neck,
as shown in Fig. 3, the yellow dashed line. The diameter of
gaseous thread at the neck is recognized as D,. The variation
of bubble neck diameter with time is shown in Fig. 4.

As shown in Figs. 3 and 4, the bubble generation period
can be divided into three stages. In Stage I, the thread
retracts upstream, as a result of the surface tension force, and
the edge of gaseous thread moves to the left until it reaches
the closest position to the gas inlet (Fig. 3b). According to
the definition of bubble neck position, the diameter of bub-
ble neck is 0, as shown in Fig. 3a, b. The surface tension
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Fig.4 Temporal evolution of the gaseous thread neck diameter within
a typical bubble formation cycle when p, =100 kPa, Q;=3.7 mL/h
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force dominates the bubble generation behavior in this
stage. Then, the thread edge starts to move downstream and
the bubble formation process enters Stage II. In this stage,
the pressure inside the gaseous thread is larger than that
of the surrounding liquid. As a result, the gaseous thread
expands quickly. At the beginning of Stage II, the gaseous
thread does not reach the reference position; hence, the neck
diameter is still 0. Gradually, the thread exceeds the ref-
erence position and, thus, the thread neck diameter begins
to increase rapidly and reaches its maximum. Because of
the geometry limitation, the gaseous thread expands toward
downstream and the neck diameter decreases gradually later.
When the neck of gaseous thread appears, the bubble forma-
tion process enters Stage III. With the further expansion of
the gaseous thread, the gap between the gaseous thread and
the collection capillary wall becomes smaller. As a result,
the velocity gradient near the gaseous thread interface is
larger and so is the shear stress. Meanwhile, the gaseous
thread surface becomes larger with the expansion of the gas-
eous thread. The viscous shear force on the bubble towards
downstream increases. The gaseous thread begins to collapse
and the diameter of the neck decreases. When the gaseous
thread breaks, a single bubble is generated and a new bub-
ble formation cycle begins. The bubble formation process
in the co-flowing microfluidic device is similar to that in
flow-focusing devices (Anna 2016; Dietrich et al. 2008).
However, the maximum diameter of the gaseous thread neck
is larger than the gas inlet diameter, which is different from
the results of Lu et al. (2014) and Zhang et al. (2017) in
microfluidic flow-focusing devices.

3.2 Force analysis of gaseous thread

To reveal the underlying mechanism of the bubble formation
difference between highly viscous and low viscous liquids,
the forces acting on the gaseous thread during the bubble
formation are analyzed, as shown in Fig. 5. The gaseous
thread is truncated at the neck. The resultant force on the
gaseous thread can be expressed as follows:

F=FT+F},+Fpg+Fpl+Fg+Fb, 1)

where F_ is the viscous shear force, Fy is the surface tension
force, F,, is the pressure force on the inner surface of the
thread from the gas, and F,, is the pressure force on the outer
surface from the liquid. F, represents the gravity force and
F,, represents the buoyancy force. These two forces are rela-
tively small and thus are neglected in our present analysis.
For the bubble formation in highly viscous liquid, the
gaseous thread does not obstruct the entire cross section of
the microchannel so that the viscous liquid can pass through
the gap between the gaseous thread and collection capil-
lary wall. A velocity gradient exists near the gaseous thread
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Fig.5 Forces acting on the gas-
eous thread during the bubble
formation

surface. Thus, the viscous shear force acting on the gaseous
thread can be expressed as:

0
, = / uods. 0

where n represents the normal direction of the thread surface
and ds is the unit surface area. Because of the axial symme-
try, only viscous shear force in the flow direction exists. The
viscous shear force is conducive to the bubble formation.
The velocity gradient increases with the increase in inlet
liquid flow rate. As a result, the viscous shear force increases
with the inlet liquid flow rate. Equation (2) also shows that
the viscous shear force is directly proportional to the gase-
ous thread surface. Therefore, the shear force increases con-
tinuously with the growth of the gaseous thread during the
whole process of bubble generation.

The surface tension force in Eq. (1) can be expressed as:

F,=2zD.y, 3)

where D, is the effective diameter, in Stage I and Stage II,
the D, is equal to the internal diameter of the injection noz-
zle D;,, while in Stage III the D, is equal to thread neck
diameter D,. As shown in Fig. 6, the surface tension is
along the opposite flow direction. Its effect pulls the gaseous
thread back to the injection capillary. Therefore, this force
is not conducive to the bubble formation. Due to the surface
tension, the gaseous thread retracts to the upstream after
the breakup. In our present study, y is a constant. Therefore,
the surface tension force keeps constant during Stages I and
II of bubble formation, and decreases with the decrease of
gaseous thread neck diameter in Stage II1.

The gas pressure inside the gaseous thread is recognized
as p,. This pressure is different from the inlet gas pressure,
with a difference of Apg, which is the pressure loss when
the inflow gas flows from the inlet to the nozzle. This pres-
sure loss is a function of injection capillary geometry and
gas property. p, may vary in the gaseous thread, but this
variation is small and can be neglected. As shown in Fig. 6,
the liquid pressure near the front part of the gaseous thread
is p;, and the liquid pressure near the thread neck is defined
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Fig.6 Variations of bubble formation period with inlet gas pressure
and liquid flow rate

as p;. pyand p| may be in great difference. In some bubble
formation in low viscous liquids, the bubble may obstruct
the whole tube. Therefore, p; may be much larger than p,.
A large pressure difference effect occurs in this situation.
However, in our present study, the gap between the gase-
ous thread and collection capillary wall is large. The pres-
sure difference between p; and pl’ can also been neglected.
Because of the axial symmetry of the gaseous thread, the
resultant pressure force on the inner surface from the gas
exists only in the flow direction and can be written as:

Y
Foe = 3 DePg- “)

Similarly, the pressure force on the outer surface from the
liquid can be written as:

T

2
Fo =3 Derrs )
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where p, is the liquid pressure near the gaseous thread. In
our present study, the gas and liquid pressure inside and
outside the gaseous thread is considered to be homogeneous.
In our experiments, the collection capillary is connected to
a polythene tube with an internal diameter of 1 mm. The
polythene tube is then discharged directly to the atmosphere.
Thus, p, is the pressure loss of liquid flow from the nozzle to
the polythene tube outlet:

IL'D?

w2 ®

p)=Apy, + App = |

where Ap;; and Ap,, represent the pressure losses in the
collection capillary and polythene tube, respectively; L, and
L, are the lengths of the collection capillary and polythene
tube, respectively; and D, is the internal diameter of the
polythene tube. In our experiment, L, and L, are 5.5 and
7.4 cm, respectively. When these parameters are substituted,
Eq. (6) becomes:

Pas

P =Apy +Ap, = (3.23x 1070, —

When Q, is 6.7 mL/h, the pressure outside the gaseous
thread is approximately 64.9 kPa. This background pres-
sure is already higher than the inlet pressure of 60 kPa. In
this situation, no bubble can be generated and the bubble
formation period is infinite.

In a low viscous liquid flow, the liquid viscosity is at
the order of 1 mPa s (Dietrich et al. 2008), so p, is much
smaller than p, and F|,, can thus be neglected. However, in
the present highly viscous liquid flow, the liquid viscosity
is 1172 mPa s, which is three orders of magnitude larger
than the low viscous liquid. The pressure loss in the col-
lection capillary and polythene tube is at the same order
of magnitude as the inlet gas pressure.

According to Egs. (4) and (5), the combined effect
of pressure force (F,, — F,)) also keeps constant during
Stage I and Stage II, and then decreases rapidly with the
decrease of thread neck diameter in Stage III.

The bubble formation process is a competitive result
of the surface tension (surface tension force, F, 4)» pressure
difference (normal pressure force on the gaseous thread
surface, F,, — F|,)) and shearing (viscous shear force, F)
effects. The surface tension is a constant when the contin-
uous and disperse phases are chosen. The surface tension
force plays an important role in the retraction stage. In the
expansion stage, the pressure difference effect dominates
the bubble’s growth. While in the collapse stage, with the
increases of viscous shear force and the gaseous thread
surface, the shearing effect leads to the interface breakup.

@ Springer

3.3 Bubble formation period

The bubble formation period T in the co-flowing micro-
fluidic device is then investigated. The variations of the
bubble formation period with liquid flow rate at different
inlet gas pressures are shown in Fig. 6. Five inlet gas pres-
sures (60, 70, 80, 90 and 100 kPa) are studied. As shown in
the figure, the bubble formation period increases with the
increase of inlet liquid flow rate for a given inlet gas pres-
sure. The bubble formation period increases linearly with
the increase of liquid flow rate first. However, it increases
rapidly when the liquid flow rate reaches a certain criti-
cal value for all five inlet pressures. These critical values
vary at different inlet gas pressures. This is consistent with
the theoretical analysis in Eq. (6). When Q, is 6.7 mL/h,
the pressure outside the gaseous thread is approximately
64.9 kPa, which is already higher than the inlet pressure
of 60 kPa. No bubble can be generated and the bubble
formation period is infinite. This analysis is validated by
the experimental data, which are shown in Fig. 6. This
phenomenon is interesting and is different from the results
obtained at low/intermediate liquid viscosity (Fu et al.
2009b; Li et al. 2017; Zhang et al. 2014). In their experi-
ments, the bubble formation period decreases gradually
when the liquid flow rate increases.

The bubble formation frequencies at different inlet gas
pressures and flow rates are shown in Fig. 7. According to
the experimental data, the following relationship between
the bubble formation frequency and operating conditions
can be achieved:

f =0.381In(Re,Re)) +2.57, (7)

where f'is the dimensionless bubble formation frequency,
non-dimensionalized with 4Q/nD>. Re, and Re, are Reyn-
olds number defined according to the gas inlet and liquid
inlet, respectively:

PsQ,
Re, = ,
“ ﬂMgDin ®)
Re, = PO ’ ©)
7D,

where Q, is the inlet liquid flow rate and Q, is the inlet gas
flow rate:

O, =V (10)
where V} is the volume of a single bubble.

Bubble generation frequency linearly increases with the
increase in the product of Reynold numbers for gas inlet
and liquid inlet. Equation (7) can be used to predict the
bubble formation frequencies at different inlet conditions.
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Fig.7 Variation of bubble
formation frequency with inlet
gas pressure and flow rate

3.4 Generated bubble size

In microfluidic flows, Weber number (We):

D 2
we = 224 (11)
Y
and capillary number (Ca):
uu
Ca=—,
Y (12)

are usually used to analyze the flow dynamics. In our experi-
ments, according to the geometry and flow conditions, the
range of Re is approximately 107> to 10°, and the range of
We is approximately 1078 to 107#, indicating that the inertial
force is small compared with the viscous and surface tension
forces. The range of Ca is approximately 0.1-0.4, which
means that the viscous and surface tension forces should
both be considered.

The generated bubble sizes at different operating conditions
are then investigated. The bubble diameter is nondimensional-
ized with the internal diameter of the injection nozzle, that is,
D,,. The effects of gas-liquid flow rate ratio ¢ = Qg/ o) and

the Ca number are explored. The empirical correlation pro-
posed by Cubaud and Mason (2008), which is used to predict
the dripping droplet size in a square microchannel, is used for
reference in the present study. The nondimensional bubble
diameter is considered a function of the product of gas-liquid
flow rate ratio and capillary number Ca. From the experimen-
tal data, the following correlation for the bubble diameter can
be obtained:

D
oo = 4eCa). (13)

in

1.75 i
st
S~ 1.25 f—
|
0.75 ;
0.5 : 5 4 3 2
ln(RegRel)

This correlation is similar to that in bubble generation
in low viscous liquid in microfluidics devices (Cubaud and
Mason 2008; Lu et al. 2014). However, the coefficient and
exponent in Eq. (13) are different. Furthermore, the expo-
nents for the gas—liquid flow rate ratio and capillary num-
ber are different in their correlations, but in our study, the
gas—liquid flow rate ratio and capillary number are united
and have the same exponent. The variation of the generated
bubble diameter with Ca is shown in Fig. 8. As shown in
the figure, the nondimensional bubble diameter increases
with the increase of the product of gas—liquid flow rate ratio
and capillary number. Thus, the empirical correlation agrees
well with the experimental data.

n

D,/D.

. P P 1 .

0.8
( (p Ca)O.lé
Fig. 8 Variation of nondimensional bubble diameter with ¢Ca
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Fig.9 Variation of the nondimensional bubble length with gas—liquid
flow rate ratio

The generated bubbles are not spherical, as shown
in Fig. 3. The bubbles mostly have bullet-shaped tops
because of the viscous shear force and the pressure dif-
ference in the channel, as shown in Fig. 3e. The curvature
radius at the front part of the bubble is usually smaller
than that at the rear part. The length of the bubble L, in
the flow direction is a function of the operating conditions.
The variation of the nondimensional bubble length, which
is nondimensionalized using the diameter of the collection
capillary, with gas—liquid flow rate ratio is shown in Fig. 9.
As shown in the figure, the bubble length increases with
the increase in the gas—liquid flow rate ratio. A power law
fitting correlation, obtained from the experimental data:

Ly — 0.7 0.1
31 =22¢" " Ca™", (14)
is also shown in the figure. Equation (14) is similar to the
empirical relationships obtained from the bubble genera-
tion in micro-flow-focusing and T-junction devices (Fu
et al. 2010; Tan et al. 2008; Xu et al. 2008; Zhang et al.
2017). However, the exponent in Eq. (14) is different. The
difference can be attributed to the geometry of the channel,
operating conditions, and liquid viscosity. The present fitting
correlation agrees well with the experimental data and can
be used to predict the bubble generation in the co-flowing
microfluidic devices. The effect of capillary number on the
bubble length can be ignored, as in the work of Zhang et al.
(2017).
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4 Conclusions

The bubble formation dynamics in highly viscous liquid in
a co-flowing microfluidic device are investigated in detail
in this research. The shape evolution of the gaseous thread
is recorded and discussed. The bubble formation period
increases with the increase in the inlet liquid flow rate,
which is different from the results at a low liquid viscos-
ity. The bubble formation process can be divided into three
stages: retraction stage, expansion stage, and collapse stage.
The bubble formation process is a competitive result of the
surface tension (surface tension force), pressure difference
(normal pressure force on the gaseous thread surface) and
shearing (tangential viscous shear force on the gaseous
thread surface) effects. The surface tension effect plays an
important role in the retraction stage. In the expansion stage,
the pressure difference effect dominates the bubble’s growth.
While in the collapse stage, with the increase in viscous
shear force and the gaseous thread surface, the shearing
effect leads to the interface breakup. Finally, the corrections
of the bubble generation frequency, diameter and length of
the generated bubble with gas-liquid flow rate ratio, capil-
lary number, and flow rate are proposed. The present study
will help in the understanding of the formation mechanism
of microbubbles and provide theoretical guidance for bubble
applications.
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