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ABSTRACT

The bubble formation in a square microchannel with a converging shape mixing junction has been sim-
ulated under Taylor flow using two different interface capturing methods implemented in ANSYS FLUENT
(ANSYS Inc., USA): Volume of Fluid (VOF) method, and coupled Level Set and VOF (CLSVOF) method. Com-
pared with VOF method, CLSVOF method can yield a more accurate gas-liquid interface especially at the
rupture stage of the emerging bubble and the obtained bubbles are more consistent with the experimen-
tal results. The effect of the contact angle (0), surface tensions (o) and liquid viscosity (z;) on the Taylor
bubble details (i.e., length, volume and shape) has been investigated systematically. For the highest sur-
face tension (¢ =0.09 N/m) and the highest liquid viscosity (u;=9.83 mPas) investigated, the bubble
length decreases substantially with an increase of the contact angle as a result of the combined effect
caused by the bubble end shape change from convex to concave and the volume decrease of the liquid
film surrounding the bubble body. However, the bubble volume is almost constant regardless of the con-
tact angle, which is mainly caused by the difference in bubble shapes. Both the contact angle and the
liquid viscosity have an appreciable influence on the bubble shape whereas the influence of surface ten-
sion is minor.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

port and reaction properties, such as significant reduction in axial
mixing [1], improved radial mixing [2,3], enhanced heat transfer

Over the last two decades, Taylor flow as one common flow pat-
tern encountered during gas-liquid flow in microreactors has
become an important field of research due to its excellent trans-
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[4], well-defined and tunable interface area available for reaction
[5,6]. This flow pattern consists of sequences of an elongated bub-
ble and a liquid slug. The bubble length is usually several times the
channel diameter. The liquid slugs are separated by the bubbles
and the two adjacent liquid slugs are connected only through a
thin film (if present) between the bubble and the channel wall.
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Nomenclature

Ca Capillary number defined by (Ca= pjmp/0),
dimensionless

dL) hydraulic diameter, m

Fs volumetric surface tension force according to CSF meth-
od, N/m?

H smoothed Heaviside function

jc superficial gas velocity, m/s

j superficial liquid velocity, m/s

jip two-phase mixture velocity defined by (j7p = j¢ +ji), m/s

Lg length of Taylor bubble, m

Lintet length of inlet microchannel, m

Linain length of main microchannel, m

Ls length of liquid slug, m

p pressure, Pa

Re Reynolds number defined by (Re = dpjrpp;/1r), dimen-
sionless

t time, s

T shear stress defined by (7 = p;y), Pa

u velocity vector, m/s

1% volume, m3

Viiim normalized liquid film volume defined by
(Vitm = Vfum/V3), dimensionless

x position vector, m

Greek letters

o volume fraction

Y shear rate, s~!

é smoothed Dirac Delta function
0 contact angle, degree
K interface curvature

u viscosity, Pa s

P density, kg/m?>

g surface tension, N/m
® distance function
Subscripts

B Taylor bubble

e expansion step

film liquid film

G gas phase

L liquid phase

r rupture step

TP two-phase mixture

Microreactors operated under Taylor flow have found potential
applications in various chemical processes such as distillation [7],
heat exchange [8,9], mixing [10,11], gas absorption [12-17], nano-
particle synthesis [18-21] and homogeneously/heterogeneously
catalyzed gas-liquid reactions [5,6,22].

For the manipulation of Taylor flow in microreactors, it is of
high importance to enable a precise generation of Taylor bubbles
at the microreactor entrance. Many studies [23-32] have revealed
that the formation process of Taylor bubbles in microchannels
depends on several factors including the inlet mixing junction
geometry, the superficial velocities of gas and liquid, surface ten-
sion, the wetting properties of the channel wall and the liquid vis-
cosity (u;). Garstecki et al. [27] proposed the squeezing mechanism
in T-type microfluidic junction geometries that controls the bubble
formation at low Capillary numbers (e.g., Ca<10~2), where the
interfacial force is expected to be dominant over the shear stress.
Under this regime, the breakup of a Taylor bubble is controlled
by the liquid-phase pressure drop across the emerging bubble
resulting from its blockage of the liquid flow path. According to
this mechanism, they formulated a simple scaling law for the bub-
ble length:

L4 (1)
w L

where Ly is the bubble length, w is the width of the channel, j; and j;
are the superficial velocities for gas and liquid, respectively, and « is
a constant the value of which depends on the geometry of the T-
junction. Many researchers [26,33,34] have verified experimentally
or numerically the scaling law of Garstecki et al. [27] in the squeez-
ing regime. As a result, the effect of superficial velocities on bubble
length has been adequately studied in this regime.

However, the influence of surface tension and the wetting prop-
erties of the channel walls on the bubble length in Taylor flow are
difficult to be well clarified solely via experiments [35]. The surfac-
tant can be added into the liquid to change the surface tension, yet
it always alters the contact angle of the liquid on the wall. Chem-
ical coatings can be applied to channel surfaces to tune the wetting
properties of the channel wall, but it is difficult for a quantitative

change of the wetting properties using this method. As observed
in our previous experiments [36], the surface tension (changed
by the addition of surfactant) seems to have no significant effect
on the bubble length. Similar results showing negligible influence
of the surface tension on the bubble length produced in the
squeezing regime can be also found in the literature
[25,27,37,38]. For example, Fu et al. [37] pointed out that the sur-
face tension measured under static conditions could be irrelevant
to a fast and dynamical phenomenon for bubble formation. Numer-
ical simulation provides an alternative method to investigate the
separate roles of the surface tension and the contact angle during
bubble formation in microchannels. One representative work was
done by Qian and Lawal [29]. They found that the bubble length
slightly increased with an increase of the surface tension and
somewhat decreased with the increase of the contact angle of
the liquid on the wall from 0° to 90° according to the results of
numerical simulation by a Volume of Fluid (VOF) method in a
T-type microfluidic junction. This implies that the increase in the
surface tension and the contact angle tends to have an opposite
influence on the bubble length. In our previous experiments [36],
with the decrease of the surface tension by the addition of surfac-
tant to the liquid phase, the contact angle of the liquid on the wall
decreased at the same time. This might explain our experimental
findings about the observed inappreciable effect of the surface ten-
sion on the bubble length. Many other researchers have investi-
gated the effect of the contact angle on Taylor bubble formation
by numerical simulation. Some have found that the gas/liquid
interface changed from a convex to a concave shape with the
increase of the contact angle [28,39]. Some have shown that the
bubble and liquid slug lengths decreased slightly until they were
almost the same after the liquid became non-wetting [28,29]. San-
tos and Kawaji [39] investigated the effect of the contact angle,
varied from 0° to 140°, on Taylor bubble formation in a microchan-
nel T-junction using computational fluid dynamics (CFD) simula-
tion. They found that the velocity slip occurred due to the
stationary liquid at the channel corners for the hydrophilic walls.

In this work, we investigate experimentally and numerically the
bubble formation in a microchannel with a converging shape mix-
ing junction. The converging shape mixing geometry is expected to
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introduce a smaller pressure drop in the junction than the cross-
junction mixing geometry. A further advantage using the covering
shape mixing geometry might be that the microchannel wall tends
to be preferentially wetted by the liquid at the initial start-up. Thus
the mixing junction is expected to facilitate the generation of Tay-
lor bubbles in the downstream microchannel compared with
T-junction geometry. An angle of 60° has been selected between
the inlet channels. It should be noted that the angle between the
inlet channels may affect the bubble formation period and the
bubble size. For a larger angle (e.g., 90° in the case of using a
cross-junction) between the inlet channels, it seems that a greater
resistance in the liquid phase exists for the bubble formation. Thus,
it requires a longer rupture time, resulting in an increase in the
bubble length (e.g., see the comparison in Fig. 9 in our previous
work [36]). In the existing literature, most authors either paid their
attention to the effect of the contact angle at a given surface
tension, or investigated the effect of the surface tension at a given
contact angle [24,28-30]. As a result, it is difficult to reveal their
combined influence on Taylor flow. We extend these earlier studies
by performing a detailed numerical investigation on the effect of
both the contact angle and surface tension under various gas-
liquid flow ratios and liquid viscosities. The main purpose of this
work is to further improve our understanding on the formation
mechanism of Taylor bubbles in microfluidic geometries in order
to achieve more precise control of Taylor flow.

2. Experimental

In the experiments, the microchannel with a converging shape
mixing junction was fabricated on a polymethyl methacrylate
(PMMA) plate, which was sealed with another thin PMMA plate
using screw fittings through the punched holes on the peripheries
of both plates in order to form a closed microchannel section for
fluid passage. Fig. 1 shows the schematic of the microchannel
device, where a central inlet microchannel was used for introduc-
ing the dispersed gas phase and two side inlet microchannels for
introducing the continuous liquid phase. The angle between each
side inlet microchannel and the central inlet microchannel is 30°.
Taylor flow was generated in the main microchannel. All micro-
channels have a square cross-section (0.6 mm x 0.6 mm). The
lengths of three inlet microchannels and the main microchannel
are 26 mm and 48 mm, respectively.

Gas-liquid Taylor flow was generated in the microchannel
device using different fluid-pairs at ambient conditions (about
0.1 MPa, 20 °C). The experimental setup for Taylor flow regulation

and visualization has been described in our previous work [36].
Here only a brief description is given. Air was used as the gas phase
fed into the central inlet microchannel, the flow rate of which was
regulated via a mass flow controller. Water, 36 wt% glucose in
water, and 45 wt% glucose in water were used as liquids. The liquid
flow into each of the two side inlet microchannels was controlled
by a separate syringe pump. The Taylor flow pictures in the main
microchannel were captured using a high-speed imaging system,
from which the Taylor bubble length (Lg) could be measured. For
each operational condition, experiments were carried out at least
thrice and the relative error in Lz between the measurements
was found to be within 5%.

The surface tension values for systems of air-water, air-36 wt%
glucose in water, and air-45 wt% glucose in water are 0.0726,
0.0733 and 0.0753 N/m, respectively. The liquid viscosities of
water, 36 wt% glucose in water, and 45 wt% glucose in water are
1, 4.42 and 9.83 mPa s, respectively. The contact angle was mea-
sured on another machined and flat PMMA plate without micro-
channel structures, which was found to be 70°, 71° and 76° for
water, 36 wt% glucose in water, and 45 wt% glucose in water on
the microchannel wall, respectively. The absolute surface rough-
ness of the machined microchannel is expected to be less than
1 wm [40,41].

3. Numerical simulation
3.1. Model geometry

A three-dimensional (3D) simulation was performed to investi-
gate Taylor bubble generation in the current microchannel device.
The model geometry is a truncated version of the whole device
geometry in order to reduce the simulation load, which proved
to be sufficient to represent the experimental data. As shown in
Fig. 1, the length of the main microchannel in the simulation was
set at 15 dj, and the length of each inlet microchannel at 5 dj.

3.2. Governing equations

Different methods are available to capture the interface
between two immiscible fluids such as Level Set (LS), Volume of
Fluid (VOF), Front Tracking, Phase Field and Lattice Boltzmann
[42]. The VOF method is a free-surface tracking technique. It
belongs to the class of Eulerian methods which are characterized
by a mesh that is either stationary or is moving in a certain pre-
scribed manner to accommodate the evolving shape of the inter-

Fig. 1. Schematic diagram of 3D microchannel geometry used in the experiments and simulation. Lipjer = 5 dp, Lingin = 15 dj, for simulation, and Liper = 43.33 dp, Lingin = 80 dj, for

experiments.
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face. LS and VOF methods are two of the most widely used meth-
ods in the literature, which are popular in simulating two-phase
flows with complex interfaces. In the LS method, the interface is
tracked and captured by the LS function. The spatial gradients of
LS function can be precisely computed due to the continuity and
smoothness of LS function. However, the LS method has a weak-
ness in maintaining volume conservation. By contrast, the VOF
method is volume-conserved in nature, because it calculates and
tracks the volume fraction of a particular phase in each cell rather
than the interface itself. The deficiency of the VOF method lies in
the computation of its spatial derivatives, as the VOF function is
discontinuous across the interface [43]. It is known that spurious
velocities could appear due to the improper way the surface ten-
sion force is discretized and the surface curvature is approximated.

To overcome the deficiencies of the LS method and the VOF
method, a coupled LS and VOF (CLSVOF) approach is provided in
ANSYS FLUENT (Release 14.0, ANSYS Inc., USA). In this method,
the re-initialization is carried out by using the piecewise linear
interface construction (PLIC) geometrical reconstruction. The cur-
vature and interface normal are calculated by the LS function,
while the accurate position of the interface is regulated by balanc-
ing the volume in each cell in order that the volume fraction calcu-
lated from VOF is satisfied. This approach enforces the mass
conservation while re-distancing the LS function. The surface ten-
sion force and the physical properties of the fluid are calculated in
a similar method to the LS method [44].

The commercial CFD package of ANSYS FLUENT (Release 14.0,
ANSYS Inc., USA) based on the finite volume method was used in
the numerical simulation. The coupled Level Set and Volume of
Fluid (CLSVOF) model was implemented in ANSYS FLUENT to cap-
ture the gas-liquid interface and the volumetric surface tension in
the momentum equation is based on the continuum surface force
(CSF). The governing equations for the immiscible, incompressible
two phase flows are as follows:

Equation of continuity:

—

9 L. (pi)=0 2)

Equation of momentum:

NOY) | G (pTT) = —Vp+ V- uVT +(VE) |+ pT + Fy
3)

where U is the velocity vector, p is the density, p is the dynamic
viscosity of fluid. p denotes pressure. ﬁ is the volumetric surface
tension force according to CSF method [45].

Equation of VOF function:

14U Vo, =0 4)
where o, is the volume fraction of g phase (gas phase or liquid

phase).
Equation of Level Set (LS) function:

8@ — o

Se+i-Ve=0 5)
d if x in the liquid phase

@(X,t)=< 0 if x in the interface (6)

—d if x in the gas phase

where ¢ is defined as the distance function, X is the position vec-
tor, d is the shortest distance of a p&h)lt X from interface at time t.
The volumetric surface tension F, based on CSF method:

—

Fo = ak(@)s(@)Ve (7)

_v. Ve
5(0) — 0 if |p|>a 9
(@) = L(1+cos(22)) if |p|<a ©)

where ¢ is the surface tension, k() is the interface curvature, §(¢)
is the smoothed Dirac Delta function, a is the interface thickness.
Mixture properties:

P(@) = pg + (pL — pc)H(P) (10)

w@) = Ue + (4 — Uc)H(p) (11)
0 if o<-a

H(p) = IM+2+1sin(®0)] if |p/<a (12)
1 if ¢>a

where subscripts G and L denote the gas phase and liquid phase,
respectively. H(¢) is the smoothed Heaviside function.

The flow is treated as incompressible since both the pressure
drop (less than 1 kPa) along the microchannel and the superficial
gas velocity are small (i.e., in subsonic flow regime). A constant
velocity boundary condition was specified at each inlet for the
introduction of gas or liquid. The pressure-outlet boundary condi-
tion was imposed at the outlet. A static (gauge) pressure is
required at the outlet boundary. The value of the specified static
pressure is used only while the flow is subsonic. When the flow
become locally supersonic, the specified pressure will no longer
be used; pressure will be extrapolated from the flow in the interior.
All other flow quantities are extrapolated from the interior [43]. In
this work, a gauge pressure of 0 Pa for the gas-liquid mixture was
applied at the outlet. A no-slip boundary condition was applied at
the walls, and the influence of wall adhesion was taken into
account by specifying the three-phase contact angle. Rather than
imposing the boundary condition at the wall itself, the contact
angle at which the fluid is in contact with the wall is used to adjust
the surface normal in cells near the wall. This so-called dynamic
boundary condition results in the adjustment of the curvature of
the surface near the wall, and this curvature is then used to adjust
the body force term in the surface tension calculation [43]. At the
beginning of the simulation, the entire flow domain was filled with
the liquid phase and the initial velocity of the liquid phase in the
flow domain was specified to zero.

Air was used as the gas phase. Water and other liquids with dif-
ferent values of viscosity, surface tension, and contact angle were
considered. In our simulation, the superficial gas velocity, the
superficial liquid velocity, liquid viscosity, surface tension and con-
tact angle ranged from 0.064 to 0.392 m/s, from 0.124 to 0.460 m/s,
from 1 to 9.83 mPa s, from 0.01 to 0.09 N/m and from 0° to 150°,
respectively.

3.3. Solution

The 3D model geometry was meshed using the structured hexa-
hedral elements by the preprocessor GAMBIT and then imported
into processor ANSYS FLUENT for calculation. The unsteady term
was treated with first-order implicit time stepping. The pressure-
implicit with splitting of operators (PISO) algorithm was used for
the pressure-velocity coupling and the pressure staggering option
(PRESTO) scheme for the pressure term. Second-order upwind
scheme was implemented for the momentum equation and the
level-set function, and the geometric reconstruction scheme for
the volume fraction. The courant number 0.25 for the volume frac-
tion calculation. In the simulations, the time step, the maximum
number of iterations per time step, and the relaxation factors were
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carefully adjusted to ensure convergence. The simulation results
were analyzed by either FLUENT integrated postprocessor or
ANSYS CFD-Post.

4. Grid independence and validation of numerical simulation
4.1. Grid independence

The effect of mesh size on the simulation results was investi-
gated by increasing the number of elements from 8550 to
182,280 under a typical operation condition at j;=0.254 m/s,
ji=0.124m/s, yy=1mPas, 6 =0.0726 N/m, and 0 = 50°, as shown
in Fig. 2. Here Lg/d}, Ls/d, and (Lg + Ls)/d, denote the dimensionless
lengths of a bubble, a liquid slug and a unit cell (a Taylor bubble
plus a liquid slug), respectively. When the number of elements is
over 60,000, the changes in these length parameters are inappre-
ciable. Therefore based on a consideration of the computational
time and the accuracy of results, a mesh number of at least
65,100 elements with a grid size of 0.06 mm was mostly used in
this work. A much refined mesh with 1,321,200 elements and a
grid size of 0.02 mm were used for some extreme cases in order
to obtain more physically realistic pictures of bubble formation
in the current microchannel, which will be mentioned in our dis-
cussion in Section 5.

4.2. Simulation validation with experiments

To examine the validity of our simulation method, a flow visu-
alization experiment was also carried out in the microchannel
device (Fig. 1). Fig. 3 shows a comparison between the experimen-
tal measurements and numerical simulation using the CLSVOF
method on the Taylor bubble formation process during one
period under the condition that j;=0.254m/s, j, =0.124 m/s,
0 =0.0726 N/m, y; =1 mPa s, and 0 = 50°. As revealed in our previ-
ous work [36], a typical bubble formation process consists of the
expansion step (Fig. 3a-c) and the rupture step (Fig. 3d-g). The
numerical results are in good agreement with the experimental
measurements, allowing the reproduction of the bubble generation
details over time. A comparison between the numerical and exper-
imental results on the Taylor bubble length produced at different
gas-liquid flow ratios and different liquid viscosities is further
depicted in Fig. 4a and b, respectively. The simulated bubble
lengths are shown consistent with the experimental data except
the existence of a somewhat noticeable difference for a few data
points, which could be due to the experimental or simulation
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errors. These results corroborate the correctness of our numerical
simulation in predicting the behavior of Taylor bubbles in the cur-
rent microchannel device. It should be noted that the simulation
results used to compare with the experimental measurements
were obtained at a contact angle of 50° which is a bit lower than
the measured contact angle of water on a smooth PMMA plate
(i.e., 70°). However, the good agreement in the bubble length as
shown here suggests that in the experiments the surface roughness
of the machined channel wall has lowered the contact angle to
some extent, perhaps in combination with other effects such as
the effect of microchannel geometry [41].

5. Results and discussion
5.1. Coupled Level Set and Volume of Fluid (CLSVOF) method

We compared the simulation results by using interface tracking
methods of CLSVOF and VOF under the same operational conditions.
The same mesh (65,100 elements with a grid size of 0.06 mm) was
used for both the CLSVOF and VOF simulations. Fig. 4c shows a quan-
titative comparison between the predicted bubble lengths from the
CLSVOF method and the VOF method. For the CLSVOF method, there
is little difference between the simulated lengths of the first and the
second bubbles. And they are in good agreement with the experi-
mental results. However, for the VOF method, the difference
between the simulated lengths of the first and the second bubbles
is much larger, and the simulated lengths also differ a lot from the
experimental results. As can be further seen from Fig. 5, the simula-
tion results with the CLSVOF method appear better than that of the
VOF method: firstly, the CLSVOF method can acquire a more accu-
rate gas-liquid interface especially at the rupture stage of the bub-
ble; secondly, the bubbles obtained by the CLSVOF method are
more uniformin size and are more consistent with the experimental
measurements. It may be noted that the computational time with
the CLSVOF method is around 1.4 times as long as that with the
VOF method for given mesh, time step, and flow case, and
the CLSVOF method consumes more memory of computer than
the VOF method. If a finer mesh is used with the VOF method, the
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CLSVOF method still performs better than the VOF method for about
the same computational time (54 h).

It should be mentioned that the simulated bubble shape in the
simulation (cf. Fig. 5b and c) is indeed shown at the center section
of the channel. Thus, the liquid film therein is almost not visible in
the image due to the close contact of the bubble body with the wall.
However, in the experiments (cf. Fig. 5a), the image captured via
camera reflects an overall contribution of the whole channel cross
section showing the dark shadow caused by the reflection and
refraction on curved gas-liquid interface at channel corners. A dif-
ference in the radical bubble curvature in the experiments and sim-
ulations was also noticed (e.g., by comparing Fig. 5a and b), which
might be due to the fact that the wettability of wall in the simula-
tions was considered based on static contact angle while dynamic
contact angles are relevant in the experiments. Therefore in this
respect, the current simulations need to be further improved.

5.2. Effect of the contact angle

We first investigated the effect of the contact angle on the bub-
ble length, bubble volume and pressure drop under various gas-
liquid flow ratios, as shown in Fig. 6a-c. At a given contact angle,
the bubble length increases (cf. Fig. 6a) with an increase of the
gas-liquid flow ratio, which is qualitatively consistent with the
existing correlations for the bubble length in the literature (e.g.,
Eq. (1)) [26,27,34]. In this work, the bubble length was measured
as the distance between the nose and the rear of a Taylor bubble
in the center line of the microchannel, and it changes little along
the main channel. So the axial position in the main channel at
which the presented bubble and slug lengths have been measured
was near the inlet. For a fixed contact angle, the bubble volume
(obtained by a volumetric integral of the gas volume fraction) also
increases with the increase of the gas-liquid flow ratio (Fig. 6b).

For a relatively large gas-liquid flow ratio (e.g., jc/j. = 2.0), the
bubble volume decreases rapidly with the increase of the contact
angle from 30° to 120° (Fig. 6b). This is because that the adhesive
force on the wall decreases with the increase of the contact angle
leading to a reduction in the overall resistance to flow, which is
beneficial to the formation of bubbles [27,35]. However, for a rela-
tively small gas-liquid flow ratio, the change of the bubble volume
is not as significant as that of the bubble length with the increase of
the contact angle. For example, at jg/j; = 0.5, the bubble length
decreases substantially with the contact angle being increased
from 30° to 90° in contrast to an almost inappreciable decrease
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Fig. 6. Effect of the contact angle at gas-liquid flow ratios of 0.5, 1.0, 2.0 on (a)
bubble length, (b) bubble volume and (c) total pressure drop (measured from the
inlet of gas to the outlet of the main microchannel). ¢ = 0.0726 N/m, y; =1 mPas,
jrp=0.378 m/s, Ca = 0.005, Re = 226.8.

in the bubble volume. This is mainly caused by the difference in the
bubble shape. As shown in Fig. 7, with the increase of the contact
angle, both the nose and the rear of a Taylor bubble change from
convex shape to concave shape (e.g., see Fig. 7a-d). This shape
change of bubble ends will lead to a decrease in the bubble length
if one considers a bubble of a given volume in direct contact with
the microchannel wall and also indicates that at large contact
angles (e.g., at 120°), there tends to be no liquid film around the
bubble body, which is in agreement with the literature observa-
tions [46-48]. Moreover, at relatively small contact angles (e.g.,

0 =30°, see Fig. 73, e, i), significant amount of liquid film is present
in the four corners of the channel, implying a relatively long bubble
under this condition if one considers a bubble of a given volume
surrounded by a liquid film along the microchannel wall.
Therefore, it is possible that at small gas-liquid flow ratios, the
bubble length decreases significantly with the increase in the con-
tact angle although the decrease of the bubble volume remains
insignificant. It can be also inferred from Fig. 6a and b that the
effect of the contact angle on the bubble length and bubble volume
is more pronounced at large gas-liquid flow ratios.

It should be mentioned that the images in in Fig. 7d, h and 1
were obtained in the simulations using the refined mesh (with
1,321,200 elements, grid size 0.02 mm). Otherwise, the bubble
residuals would be found around the bubble body, which is due
to the false appearance of calculation using the coarse mesh (with
65,100 elements, grid size 0.06 mm). However, the length and vol-
ume of the bubble were almost not changed in both cases.

Fig. 6¢ depicts the total pressure drop under the simulated Tay-
lor flow (measured from the gas inlet to the outlet of the main
microchannel) under different gas-liquid flow ratios and contact
angles, the two-phase mixture velocity being kept constant. For
the same jg/j;, the total pressure drop decreases with an increase
in the contact angle, which is mainly because that the pressure
drop over bubble end caps is reduced significantly with increasing
contact angle due to the shape change gradually from convex to
concave (cf. Fig. 7), leading to an overall reduction in the total pres-
sure drop which is a sum of the pressure drop contributions from
the liquid slug, the bubble body and its end caps [16]. For a fixed
contact angle, the total pressure drop under Taylor flow decreases
with the increase of js/j;. Such decrease in the total pressure drop is
mainly caused by a reduction in the pressure drop contribution in
the liquid slug given by the fact that the liquid hold up is decreased
upon increasing jg/j; (i.e., characterized by shorter liquid slugs and
longer bubbles). Remember that here jp (i.e., the slug velocity) is
fixed, then it is easy to show that the pressure drop contribution
in the liquid slug will decrease due to the lower liquid holdup [16].

We further investigated the effect of the contact angle on the
flow field under Taylor flow, as revealed in Fig. 8. One preliminary
observation is that at small or large contact angles (e.g., 6 = 30° or
120°) where the bubble end caps turn to be in convex or concave
shape, the inner circulation inside the bubble is very significant
whereas a much less significant inner circulation is seen at contact
angle at 90° under which an almost flat bubble end cap is present.
A more detailed investigation into such flow behavior will be one
main topic of our ongoing work.

5.3. Effect of the surface tension

Fig. 9 depicts the effect of the surface tension under various
gas-liquid flow ratios or contact angles on the bubble length
(a and b) and the bubble volume (c and d). The bubble length
and bubble volume are shown to increase with an increase of the
surface tension at 0 = 60°, jg/j, = 0.5 and 2.0 (Fig. 9a and c) or at
Jjclir =1.0, 0=30° and or 120° (Fig. 9b and d), which is consistent
with the literature results [29]. This is because that the surface ten-
sion is the only conservative force which hinders the expansion
and the rupture of the emerging bubble [35]. Therefore, a balance
of forces is more difficult to reach at higher values of the surface
tension, resulting in slower bubble formation and hence larger
bubble size.

Compared with the effect of the contact angle, the effect of the
surface tension on the bubble length is basically identical to that
on the bubble volume (see Fig. 9a and c), which is mainly resulted
from the fact that the surface tension has less impact on the shape
of the bubble and the liquid film around the bubble body than the
contact angle (see Fig. 10).
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Fig. 7. Effect of the contact angle on the bubble shape. The red color, blue color and the intermediate color represent the gas phase, the liquid phase and the gas-liquid
interface, respectively. Lines in the figures represent the channel contour. ¢ = 0.0726 N/m, y, = 1 mPas, jrp = 0.378 m/s, Ca = 0.005, Re = 226.8. jg/j. = 0.5 for (a) 6 = 30°; (b)

0=160° (c) 0=90° (d) 0 =120° jg/j. = 1.0 for (e) 6 = 30°; (f) 0 =60°; (g) 6 =90° (h) 0 =120°; jg/j. = 2.0 for (i) 6 = 30°; (j) 0 = 60°; (k) 6 =90°; (1) 0 =120°. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

(b)

(d)

Fig. 8. Vector of velocity superimposed on contours of gas volume fraction (red).
The red color, blue color and the intermediate color represent the gas phase, the
liquid phase and the gas-liquid interface, respectively. (a) 6 =30°; (b) 0 =60°; (c)
0=90° (d) 0=120°. ¢=0.0726 N/m, g =1mPas, jg/jr=0.5 jrp=0.378m/s,
Ca =0.005, Re =226.8. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

5.4. Effect of the liquid viscosity

Fig. 11 presents the results showing the effect of the liquid vis-
cosity on the bubble size. It is firstly seen that with an increase of

the liquid viscosity from 1 to 9.83 mPa s, the effect of the contact
angle on the bubble volume is different (cf. Fig. 11b and d). At a
comparatively low liquid viscosity (e.g., 4, =1 mPa s), the bubble
volume decreases with the increase of the contact angle. However,
for comparatively high liquid viscosity (e.g., ¢, =9.83 mPas), the
bubble volume does not change significantly with the increase of
the contact angle. This is because that when the liquid viscosity
is high, the influence of adhesion force is less obvious compared
to the shear force during the bubble break-up.By comparing
Fig. 11c and d, one can further see that at a relatively high liquid
viscosity (e.g., u; =9.83 mPas), the bubble length decreases sub-
stantially with the increase of the contact angle (Fig. 11c) in con-
trast to an almost constant bubble volume at different contact
angles (Fig. 11d). As we have discussed before, the bubble (albeit
insignificant change in its volume) can experience a significant
decrease in its length with increasing contact angle as a result of
the combined effect caused by the end shape change from convex
to concave and the decrease of the liquid film volume around the
bubble. This combined effect is also present at the present condi-
tion of y; =9.83 mPas. As shown in Fig. 12, with the increase of
the contact angle, both the nose and the rear of Taylor bubble tend
to change from a convex shape to a concave shape. Moreover, as
shown in Fig. 13, the normalized liquid film volume surrounding
the bubble body (designated as Vg, being calculated as
Viim = Vium/Vs) as measured from the simulation results decreases
with the increase of the contact angle. This explains the observed
difference in the variation of the bubble length with the contact
angle from that of the bubble volume at y; = 9.83 mPas.

By comparing Fig. 11a and c, one can see that for a relatively
high liquid viscosity of p; =9.83 mPas, the bubble length varies
insignificantly with the increasing contact angle at ¢ =0.03 N/m



624 M. Dang et al./ Chemical Engineering Journal 262 (2015) 616-627
6.0 6.0
A
50 | A 50 f
A
40 | 40
=30 f n <30 [
3 - N
xQ Q
~ >
20 | i i 20 |+ ]
Jjzp =0.378 m/s Jal o
o 0 m 05 jop =0378mis ol
k = A20 10 | 0 = 60° =05
A 20
0.0 L L L - 0.0 L . ! !
0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10
o [N/m] o [N/m]
(@) (©
50 6.0
40 | . 50 |
40 *
= 30 x 0
< ~<30 |
S0 | > 8
- 0 =
jp =0.378 m/s 20 o
e *30 e =0378m/s 0 [33
1.0 | jelip =10 o *
GlL X 120 10 - JeliL =10 % 120
0.0 - - L L 0.0 L . ! ‘
0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.10
o [N/m] o [N/m]
(b) (d)

Fig. 9. Effect of the surface tension under various gas-liquid flow ratios or contact angles on the bubble length (a and b) and the bubble volume (c and d). ;=1 mPas,

jrp=0.378 m/s, Re = 226 8.

© © & ¢

a

b

Gas. Volume Fraction

N N
Legend

d

TSNS

h
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Fig. 11. Effect of the liquid viscosity on (a) the bubble length at ¢ = 0.03 N/m, (b) the bubble volume at ¢ = 0.03 N/m, (c) the bubble length at ¢ = 0.09 N/m and (d) the bubble

volume at ¢ = 0.09 N/m. jc=0.189 m/s, j; = 0.189 m/s.

whereas it exhibits a significant decrease with increasing contact
angle at o = 0.09 N/m. As explained before, two factors contribute
to the decrease of the bubble length with increasing contact angle:
the change of bubble end shape from convex to concave; and the
decrease of the normalized liquid film volume surrounding the
bubble body. The latter effect, as shown in Fig. 13, is more pro-
nounced at ¢ =0.09 N/m compared with that at ¢ = 0.03 N/m for
1 =9.83 mPas. This would therefore lead to a more noticeable
decrease of the bubble length with the contact angle at
0=0.09 N/m for y;=9.83 mPas. In contrast, the bubble length
shows a similar decrease with increasing contact angle for
1 =1mPas as ¢ is increased from 0.03 to 0.09 N/m, as shown in
Fig. 11a and c. This is explained by the comparable extent of
decrease in the normalized liquid film volume with increasing
contact angle for both ¢ values (cf. Fig. 13).

6. Conclusions

The bubble formation in a square microchannel with a converg-
ing shape mixing junction has been investigated under gas-liquid
Taylor flow using a geometric coupled Level Set and VOF (CLSVOF)
method implemented in ANSYS FLUENT. The effect of the gas-
liquid flow ratio, contact angle, surface tension and liquid viscosity
on the bubble length and the bubble volume has been studied.
Based on the results of this study, the following conclusions can
be drawn:

(1) Compared with the Volume of Fluid (VOF) method, the
CLSVOF method can acquire a more accurate gas-liquid
interface especially at the rupture stage of the bubble and
the bubbles obtained are more consistent with the experi-
mental results.

(2) For a relatively large gas-liquid flow ratio (e.g., at jc/j. = 2.0),
both the bubble volume and bubble length decreases signif-
icantly with the increase of the contact angle from 30° to
120°. At a relatively small gas-liquid flow ratio (e.g., at
Jjclir = 0.3), the decrease of the bubble volume is not as
significant as that of the bubble length with increasing con-
tact angle. The bubble volume and bubble length increase
with an increase of the surface tension. At a comparatively
low liquid viscosity (e.g., x4 =1 mPas), the bubble volume
decreases upon increasing the contact angle. However, at
comparatively high liquid viscosity (e.g., y =9.83 mPas),
the bubble volume does not change significantly with
increasing contact angle.

(3) With the increase of the contact angle, both the nose and the
rear of a Taylor bubble change from a convex shape to a
concave shape. The volume of liquid film surrounding the
bubble body decreases with the increase of the contact angle
or surface tension.

Detailed understanding of the important factors influencing
Taylor bubble formation in microfluidic geometries is necessary,
allowing for a rational design and operation of microfluidic devices
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relying on the manipulation of Taylor flow in diversified applica-
tions. Although elaborate experimental characterization remains
as the most effective approach to clarify this issue, numerical

simulation is capable of providing further insights usually not
accessible through experiments only. The present simulation work
represents such an attempt and the future work would be in the
real-time monitoring of the surface tension, shear stress and iner-
tial forces during the bubble formation by numerical simulation. It
may be mentioned that the meshes used in the current simulation
are still coarse in terms of defining a very precise and accurate gas—
liquid interface and thus there is an inevitable presence of numer-
ical diffusion. Therefore, the physical transport mechanisms at the
interface cannot be revealed in full details although such meshes
are sufficient in revealing the behavior of the average properties
such as the bubble length and volume as studied in this work.
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