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Abstract: In this study, droplet characteristics including droplet length and formation time, and mixing efficiency in droplets
were investigated via the volume of fluid (VOF) method coupled with a user defined scalar (UDS) model. A cross-shaped
junction with a square cross-section was designed and used for droplet formation. An initial arrangement which differed from
that of a conventional operation was adopted. Results show that when the droplet superficial velocity is constant, the exchange
between the dispersed phase velocity and the continuous phase velocity has a marginal effect on the droplet formation time.
However, the exchange has a great effect on droplet length. These findings provide a valuable guide for future operation of
droplet formation. In addition, the results show that the mixing efficiency in the droplet forming stage can be classified into
time-dominated and length-dominated regimes according to the droplet superficial velocity. When a droplet flows in a microchannel,
a higher droplet superficial velocity increases mixing efficiency due to the faster inner circulation and shorter droplet length.
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1 Introduction

Microfluidic systems are increasingly being used
in organic syntheses, drug delivery, and food process-
ing (Mu et al., 2019; Cao et al., 2020; Mehta and
Rath, 2021; Niculescu et al., 2021; Zhang et al., 2021)
due to their superior performance compared with
traditional equipment. Mixing and mass transfer are
very important processes in microfluidic systems. The
droplet-based method, in which the fluid mixing or the
mass transfer between phases is limited in a droplet,
has proved to be an effective way to enhance mixing
and mass transfer processes (Luo et al., 2019; Liu
et al., 2021). When the droplet is flowing through the
microchannel, the interactions between the droplet
and the channel wall, and between the droplet and
the continuous phase induce an inner circulation in the
droplet and reduce the thickness of the boundary
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layer between the phases. They both facilitate the
performance of the mixing and mass transfer (Ozkan
and Erdem, 2015; Zhang et al., 2015).

Studies of the mass transfer between phases are
dominated by experimentation, mostly involving chem-
ical reactions. Neutralization of an acid with alkali is
widely used. Alkali and acid are added as aqueous
phase and organic phase, respectively. With the drop-
let moving, the acid transfers from the organic phase
into the aqueous phase and reaction happens (Yeh
et al., 2015; Sattari-Najafabadi et al., 2017). Indicators
such as bromothymol blue, phenol red, and Sudan 111
are added in the aqueous phase or organic phase. When
mass transfer between phases occurs without reactions,
extraction is more often used (Hosseini Kakavandi
et al., 2016; Dai et al., 2017). The reaction process is
visualized by the color change of the phases which in-
clude indicators. The mass transfer efficiency is quan-
tified by the overall mass transfer coefficient, which
is based on the timing of the color change of the indi-
cator and the concentration of the acid (alkali) (Tsaou-
lidis and Angeli, 2015; Zhang et al., 2019).

However, simulation methods are more com-
monly used to investigate the mixing process in a
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droplet. In a numerical simulation, scalars are added
in the partially dispersed phase, so the dispersed phase
contains two parts: the dispersed phase with scalars
and the dispersed phase without scalars. The mixing
process in the droplet is visualized by the distribution
of scalars, and quantified by calculating the scalar
concentration in the specified droplet. That is, scalars
in numerical simulations are equivalent to indicators
in experiments. The mixing process in the droplet can
be divided into two stages depending on the initial
distribution of the scalars. One of the earliest investi-
gations considering the distributions of the mixing
components was carried out (Tanthapanichakoon et al.,
2006). Distributions of the mixing components in the
droplet were considered as two types: a front/back dis-
tribution and a lower/upper distribution. In the droplet
forming stage, the dispersed phase flows through the
microchannel and interacts with the continuous phase.
Shearing interactions between the two phases disturb
the velocity fields located in the tip of the forming
droplet, and induce an eddy. The formation of the
eddy was described as “twirling” (Tice et al., 2003).
Scalar transforms from the higher concentration to the
lower concentration due to the twirling effect. Thus,
when the mixing components are distributed initially
in the front/back parts of the droplet, the mixing effi-
ciency can be greatly enhanced during the droplet
forming stage. The overall mass transfer coefficients
in both the droplet forming stage and droplet moving
stage were calculated by investigating the mass trans-
fer behaviors of Rhodamine 6G (C,H,,N,0,Cl) from
a water droplet to an ionic liquid (Bai et al., 2016).
Results showed that the overall mass transfer coeffi-
cient in the droplet forming stage was three or four
times higher than that in the droplet moving stage.
When the mixing components are distributed initially
in the lower/upper parts of the droplet, the mixing pro-
cess is enhanced mainly during the droplet moving
stage. The microchannels need to be designed with a
more complex structure for disturbing the droplet
(Bai et al., 2018; Borgohain et al., 2018; Fu et al.,
2019; Qian et al., 2019b). When the droplet is moving
through the microchannel, mixing performance is en-
hanced by introducing a serpentine with a different
bend radius (Qian et al., 2019a). The mixing efficiency
for different bend radii was quantified and the Dean
numbers calculated to further explain the mixing per-
formance caused by variation in the bend radius.

Results showed that the turns greatly promoted the
mixing efficiency. When the droplet was moving out
of the first turn, the mixing efficiency was five times
higher than that in the droplet forming stage. Ap-
proaches including the introductions of a T/Y-junction
and a deforming microchannel were proposed to im-
prove the mixing efficiency in droplets which formed in
a simple cross-shaped microchannel (Bai et al., 2018).
Comparisons indicated that the design of a Y-deforming
microchannel had excellent performance for enhanc-
ing the mixing efficiency. Besides introducing a com-
plex structure, micro-particle packing is an alterna-
tive way to enhance the mixing efficiency (Su et al.,
2010). Whether the mixing components have a front/
back distribution or a lower/upper distribution in the
droplet size, the mixing efficiency is greatly affect-
ed by the droplet length. The twirling effect, which
dominates in the droplet forming stage, is closely asso-
ciated with the droplet length. For shorter or longer
droplets, the mixing efficiency is worse due to an over-
twirling effect or under-twirling effect. In addition, in
the droplet moving stage, the symmetrical inner circu-
lation in a larger droplet is more difficult to break than
that of a smaller droplet. Results indicate that a suitable
droplet length for fluid mixing is L/w=~1, where L repre-
sents the droplet length and w represents the micro-
channel width (Wang et al., 2015; Bai et al., 2018; Qian
et al., 2019c, 2021; Jin et al., 2020).

For a specified two-phase system, parameters in-
cluding dispersed phase fraction, droplet superficial
velocity, microchannel geometry, and operating condi-
tions are of great importance for the mixing process
in the droplet. The droplet superficial velocity is de-
fined simply as the sum of the dispersed phase and
the continuous phase. The dispersed phase fraction de-
termines the velocity of the continuous phase and dis-
persed phase. By investigating the effect of the dis-
persed phase fraction on droplet formation and mix-
ing in the droplet, it was found that the mixing perfor-
mance declined with an increase of the dispersed
phase fraction. The increased dispersed phase fraction
led to an increase in droplet length (Madadelahi and
Shamloo, 2017; Qian et al., 2019a). Therefore, more
time was required to achieve an ideal mixing effi-
ciency. Microchannel structures, including the dimen-
sions of the microchannel, the junction structure, and
the main channel structure, play an important role in
the relocation of the mixing components. The mixing



performance of square cross-section microchannels is
better than that of rectangular microchannels of the
same hydraulic diameter (Sattari-Najafabadi et al.,
2017). By studying the mixing performance in micro-
channels with a cross-shaped junction, cross-shaped T-
junction, and T-junction, it was shown that when the
dispersed phase fraction was in a lower range, a cross-
shaped T-junction was more suitable for fluid mixing.
With an increase of the dispersed phase fraction, supe-
riority of the cross-shaped junction was more appar-
ent (Qian et al., 2019a). A numerical method for the
splitting process of two-phase flow in a multi-parallel
branched microchannel was established, and the pres-
sure variation and flow distribution of the micro-
channel under different splitting modes were analyzed.
The results showed a strong two-way coupling effect
between the outlet pressure and mass flow in the
branch (Zhang et al., 2022).

The droplet superficial velocity is also an impor-
tant parameter in determining the mixing performance
in the droplet. Variation in the droplet superficial veloc-
ity affects the interface renewal frequency and overall
transport time in microfluidic systems. The objective
of this study was to present the effect of droplet super-
ficial velocity on droplet characteristics, and then to
study the relationship between mixing performance
and droplet characteristics.

2 Computational model
2.1 Governing equations

Simulations were conducted in ANSYS Fluent
17.2. The volume of fluid (VOF) method was used
for the transient tracking of the liquid-liquid inter-
face. The interface tracking between the phases was
solved by the solution of a continuity equation, as in

Eq. (1).

Vy=0, (1)
where v is the velocity vector. The density and vis-
cosity of the studied two-phase in each computa-
tional cell were calculated using Egs. (2) and (3),
respectively.

2
3)

P=0Pt 0P
=0+ aglty,
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where p denotes the density; u represents fluid vis-
cosity; a denotes the volume fraction; the subscripts ¢
and d represent the continuous and dispersed phases,
respectively.

In addition, a user-defined scalar (UDS) was de-
fined and added to the dispersed phase for visualiza-
tion of the mixing process (Wu et al., 2022). The trans-
port equation for the scalars was

L (pwp~T-V)=0.

“)
where ¢ is the time, ¢ represents the scalar, and I” rep-
resents the diffusion coefficient. Detailed descriptions
can be found in our previous publication (Qian et al.,
2019a).

2.2 Geometrical model and boundary conditions

Fig. 1 shows a schematic diagram of a micro-
channel with a cross-shaped junction. The microchan-
nel was designed with a square cross-section with the
dimensions w xw,xh=100 pmx100 umx100 pum.

Wy h

w, ] |

Scalar included

Fig.1 Schematic diagram of the microchannel. References
to color refer to the online version of this figure

The dispersed phase is injected through the verti-
cal channel and the continuous phase through the hori-
zontal channel. The properties of the two liquids were
consistent with those in the experiment presented by
Nisisako et al. (2004). Table 1 shows the physical

Table 1 Physical properties of the dispersed phase and
the continuous phase

Parameter Value
1, (Pas) 6.71x107°
p, (kg/m’) 1020
u, (Pars) 1.95%107
p, (kg/m’) 1000
o (mN/m) 335
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properties of both phases. In Table 1, o represents
the surface tension. Each of the dispersed phase chan-
nels is divided into two equal parts. For the visualiza-
tion of the mixing process, a scalar is added to half of
the dispersed phase (Fig. 1) and marked with red
color. Velocity inlet and outflow were set at the inlet
and outlet, respectively.

2.3 Quantification of the mixing efficiency

Mixing efficiency in a droplet is represented by
the uniformity of the scalar distribution. Fig. 1 shows
that at the beginning of droplet formation, the scalar
is distributed symmetrically in the dispersed phase.
As the dispersed phase flows into the microchannel
and interacts with the continuous phase, the scalar is
relocated due to the disturbed velocity fields in the
droplet. Eq. (5) was defined to quantify the mixing ef-
ficiency in the droplet.

]1\[2(01'_5)2
c

where ME represents the mixing efficiency, defined
based on the standard deviation of the ideal condition;
¢, 1s the arbitrary node concentration of the scalar; ¢ is
the ideal concentration; N is the number of nodes in a
confined droplet size. When achieving an ideal condi-
tion, the scalar is distributed in the droplet uniformly
and the scalar concentration in each node is 0.5.

ME= (1- x100%,  (5)

2.4 Grid independence check

The mesh was generated via the pre-processor
meshing in ANSYS Workbench 17.2. Fig. 2 shows
the variation of the mixing efficiency with different
mesh numbers. The mesh numbers were increased
from No. 1 (80000) to No. 7 (500000). With increas-
ing mesh numbers, the mixing efficiency decreased
and then fluctuated within a limited range. When the
mesh number was greater than 330000 (No. 5), the
mixing efficiency was independent of the mesh num-
ber. Therefore, the mesh size corresponding to the
mesh number of 330000 (No. 5) was selected to gen-
erate the mesh for the geometry. In addition, the drop-
let length for different mesh numbers was measured.
Data showed that the droplet length fluctuated within
only a small range. The relative error between the
maximum and minimum values of the droplet length

70%

60%
50%
40%

30%

Mixing efficiency

20%

10%

0%

Fig. 2 Dependency of mixing efficiency on the mesh numbers

was less than 3%. Thus, the selected mesh size was
sufficient for analysis of the droplet formation.

3 Validation of the simulation method

Observation of mixing in a droplet via a numeri-
cal approach is considered as a useful tool (Ozkan
and Erdem, 2015; Wang et al., 2015; Zhang et al.,
2015; Fu et al., 2019). Our previous studies also testi-
fied to the effectiveness of numerical simulation. Ex-
periments carried out previously (Tice et al., 2003;
Oishi et al., 2009; Cao et al., 2018) were selected for
the simulations, and the results compared with experi-
mental data. Both the characteristics of the droplet
and the mixing process in the droplet were consid-
ered. The hydraulic diameter and the phase properties
used in the simulations were kept consistent with
those used in the experiments. The droplet length was
as measured and reported (Tice et al., 2003), and the
droplet formation process was as presented in simula-
tions and reported (Cao et al., 2018). The velocity
fields illustrated by the simulations and recorded by
particle image velocimetry (PIV) method (Oishi et al.,
2009) showed high consistency. Fig. 3 shows compar-
isons between numerical simulation of the mixing
process in the droplet with the experimental results
(Tice et al., 2003) presented in our previous study
(Qian et al., 2019Db).

4 Results and discussion

In this section, we present results from analysis
of the effect of droplet superficial velocity on droplet
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Fig. 3 Comparison of results from experimentation and
simulation of the mixing process (Qian et al., 2019b):
(a) experimental results; (b) simulation results. PFD
represents the perfluorodecalin

formation and mixing in a droplet. The droplet super-
ficial velocity varied from 10 to 100 mm/s. Velocities
of the dispersed phase (#,) and the continuous phase
(u,) were determined by the dispersed phase fraction,

&g, and the droplet superficial velocity, u,,, as shown
in Egs. (6) and (7).

udZSdusup7 (6)

uczusup_ud' (7)

4.1 Droplet formation process

Fig. 4 shows the droplet formation process in the
simulations. The abscissa represents a complete droplet
formation time ¢, and the ordinate represents pressure
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fluctuation during the droplet formation time. The
droplet formation process included four stages: a
lag stage (I), a blocking stage (II), a surface-renewal
stage (III), and a squeezing stage (IV). Among the
four stages, the blocking stage and squeezing stage
were the most common. These two stages occurred re-
gardless of the junction structure of the microchannel
and the inlet distribution of the two phases. Whether
the junction structure was a T-junction, Y-junction,
cross-shaped junction, or any other, the blocking stage
and squeezing stage invariably occurred in the droplet
formation process (Korczyk et al., 2019; Qian et al.,
2019b; Zhang et al., 2019). Occurrence of the lag
stage depended on the microchannel dimensions, the
velocity of the dispersed phase, and the viscosity of the
dispersed phase. The lag stage increased the droplet
formation time and counteracted the mass production
of the droplet. When fabricating the T-junction micro-
channel, the dispersed phase channel width should be
at least equal to half the continuous phase channel
width to reduce the time spent in the lag stage (Qian
et al., 2019b).
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PIP...x
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0.000 0.002 0.004 0.006 0.008 0.010 0.012
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Fig. 4 Schematic diagram of droplet formation with u =
50 mm/s and £,=0.5

The surface-renewal stage is a new phenome-
non. Its occurrence depended on the inlet distribution
of the two phases, especially in the cross-shaped junc-
tion microchannel. Generally, in a cross-shaped junc-
tion microchannel, the continuous phase is injected
through two vertical inlets and the dispersed phase
through the horizontal inlet (Oishi et al., 2009; Bai
et al., 2016, 2018). However, in our studies, the dis-
persed phase flowed through the vertical inlet and the
continuous phase through the horizontal inlet. This
distribution is often used in investigations of droplet
coalescence (Deng et al., 2013; Arjun et al., 2020). At
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the beginning, two interfaces existed when the disper-
sed phase flowed into the microchannel and interacted
with the continuous phase (Fig. 4). With the dispersed
phase flowing into the microchannel continuously, the
two tips of the dispersed phase became closer to each
other. Finally, the two interfaces merged into one. This
was followed by the squeezing stage. The dispersed
phase blocked the flow of the continuous phase totally,
and the continuous phase began to squeeze the dis-
persed phase. The neck of the dispersed phase became
thinner and thinner and finally broke up.

4.2 Quantitative analysis of droplet formation

The characteristics of the droplet, including its
length and formation time, are significant parameters
for industrial applications. In this section, a quantita-
tive analysis of the droplet length and droplet forma-
tion time is presented.

Fig. 5 shows the effect of droplet superficial ve-
locity on droplet length. The dimensionless droplet
length is defined as the ratio of droplet length to the
microchannel width. Three solid lines represent the
average dimensionless droplet lengths in the corre-
sponding dispersed phase fractions. The average di-
mensionless droplet length L, is defined as

L= z?”‘” : 8)

where L., represents the dimensionless droplet length
at different droplet superficial velocities, =10, 30, 50,
80, and 100 m/s. In a constant dispersed phase frac-
tion, with the droplet superficial velocity increasing
from 10 to 100 mm/s, the droplet length decreased due
to the shear force exerted by the continuous phase.
However, the changes were within a small range. The
droplet length varied within +15% of the average
value. In addition, Fig. 5 indicates that an increase of
the dispersed phase fraction led to an increase of the
droplet length.

Fig. 6 presents the correlation between the dimen-
sionless droplet formation time and droplet superficial
velocity. The dimensionless droplet formation time is
determined by the ratio of the droplet formation time
to the characteristic time (Christopher et al., 2008). It
shows that the dimensionless droplet formation time
was reduced with increasing droplet superficial veloc-
ity. Meanwhile, as the droplet superficial velocity was
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Fig. 5 Variation of the dimensionless droplet length L
with different droplet superficial velocities
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Fig. 6 Variation of dimensionless droplet formation time 7
with different droplet superficial velocities

increased, the effect of the dispersed phase fraction on
the droplet formation time decreased. For example, at
a constant dispersed phase fraction of 0.5, when the
droplet superficial velocity was increased from 10 to
30 mm/s, the dimensionless droplet formation time
decreased from 12.05 to 3.95. However, when the
droplet superficial velocity was increased from 80 to
100 mm/s, the dimensionless droplet formation time
decreased from 1.15 to 0.86. The relative gradients of
the droplet formation time were 0.672 and 0.252, re-
spectively. Table 2 lists the detailed values of the rela-
tive gradient as the droplet superficial velocity was in-
creased for specific dispersed phase fractions. It also
indicates that the relative gradients of the droplet for-
mation time with droplet superficial velocity were in-
dependent of the dispersed phase fraction. For exam-
ple, when the droplet superficial velocity was increased
from 30 to 50 mm/s, the relative gradients varied from
0.452 to 0.481 as the dispersed phase fraction changed
from 0.2 to 0.7.



Table 2 Relative gradients of droplet formation time with
increasing droplet superficial velocity

U, Relative gradient of droplet formation time
(mm/s) =02 =03 =04 ¢=05 ¢=0.6 ¢=0.7
10 - - - - - -
30 0.682 0.679 0.670 0.672 0.670 0.666
50 0472 0476 0481 0471 0464 0452
80 0.460 0.460 0451 0.450 0.516 0.437
100 0255 0.255 0.260 0.252 0.154 0.240

In addition, Fig. 6 presents the dimensionless
droplet formation time for different dispersed phase
fractions. At a constant droplet superficial velocity,
the droplet formation time changed parabolically with
the increase of the dispersed phase fraction. The mini-
mum time for droplet formation was obtained when
the dispersed phase fraction was 0.5. Detailed expla-
nations were presented in our previous study (Qian
et al.,, 2019a). Note that since the droplet formation
time changed parabolically with the increase of the
dispersed phase fraction, the droplet formation time
had a similar value when the dispersed phase fractions
were 0.4 and 0.6. Also, when the dispersed phase frac-
tions were 0.3 and 0.7, the values were nearly identi-
cal. It can be assumed that at a constant droplet super-
ficial velocity, the exchange of the dispersed phase ve-
locity and the continuous phase velocity had a mar-
ginal effect on the droplet formation time. However,
the exchange of the two-phase velocities had a signifi-
cant effect on the droplet length. As presented in Fig. 5,
the droplet length increased with the increase of the
dispersed phase fraction. For example, at a constant
droplet superficial velocity of 30 mm/s, the dimen-
sionless droplet length was 3.545 when the dispersed
phase fraction was 0.4. When the dispersed phase
fraction was 0.6, the dimensionless droplet length
increased to 5.123, nearly 1.5 times larger compared
to the length measured for 0.4. These findings pro-
vide a valuable guide for future operation of droplet
formation.

4.3 Inner circulation in the droplet

In micro-scale, due to the shear stress exerted by
the wall, a radial velocity gradient exists when non-
Newtonian fluids are flowing through a microchannel.
The velocity in the axial direction is reduced from the
microchannel to the wall. When the droplet is moving
through the microchannel, there is not only a velocity
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gradient in the radial direction due to the shear stress
exerted by the wall, but also a velocity gradient in the
axial direction due to the interaction with the continu-
ous phase.

Fig. 7a presents the velocity gradient in the drop-
let radial direction. The x, y directions represent the
axial and radial directions of the droplet, respectively.
x=0 and y=0 represent the center of the droplet. Sever-
al relative positions are marked based on the center of
the droplet. When x ranges from —0.325 to 0.225, the
velocity gradients in the radial direction are more ob-
vious. In this range, the shear stress exerted by the
wall plays an important role in inducing the inner cir-
culation in the droplet. When x>0.225 or x<-0.325,
the velocity gradient in the radial direction becomes
less obvious. The front and back parts of the droplet
are spherical, thus the interaction between the wall
and the droplet is weakened. In this range, the shear
stress exerted by the continuous phase is dominant.

When the droplet is moving through the micro-
channel, the front and back parts of the droplet inter-
act with the continuous phase. On the one hand, the
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Fig. 7 Velocity gradient in the droplet with #,, =50 mm/s and
£=0.5: (a) velocity gradient in the droplet radial direction;
(b) velocity gradient in the droplet axial direction
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droplet blocks the flow of the continuous phase, which
is located upstream of the droplet. On the other hand,
the continuous phase, which is located downstream of
the droplet, hinders the flow of the droplet. Thus, the
interaction of the upstream continuous phase with the
back part of the droplet and the interaction of the
downstream continuous phase with the front part of
the droplet induce the velocity gradient in the droplet
axial direction. Fig. 7b presents the velocity gradient
in the droplet axial direction. The velocity in the drop-
let axial direction increases first due to interaction with
the upstream continuous phase. Then the velocity in
the droplet axial direction decreases slightly since the
continuous phase has less effect on the central part of
the droplet. Then the velocity in the droplet axial di-
rection decreases greatly due to the interaction with
the downstream continuous phase.

As mentioned above, when the droplet is mov-
ing through the microchannel, the interactions with
the walls and the continuous phase establish velocity
gradients in both the radial and axial directions of the
droplet. Thus, inner circulation is induced due to the
velocity gradients, as shown in Fig. 8. The main circu-
lation is induced by the interaction with the wall,
marked as 1. Minor circulation is induced by the inter-
action with the continuous phase, marked as 2.

Flow direction

/[ Upper

Fig. 8 Schematic diagram of inner circulation in the
droplet

4.4 Analysis of mixing efficiency

The mixing efficiency in the droplet can be di-
vided into two stages: the formation stage and the
moving stage. The two stages can be visualized by the
scalar distribution in the droplet (Fig. 9). At the begin-
ning of the droplet forming stage (Figs. 9a and 9b),
scalar redistribution results from the twirling effect in-
duced by the shearing interactions of the continuous
phase and dispersed phase. As the droplet grows, the
two dispersed phases merge and block the main chan-
nel. Subsequently, scalar redistribution is promoted

by the interaction with the wall and the continuous
phase (Figs. 9¢—91). More importantly, by comparing
the conventional distribution of the two (Section 4.1),
this initial distribution of the continuous phase and the
dispersed phase provides a better platform for subse-
quent mixing. At the end of the droplet forming stage,
the maximum scalar concentration is distributed along
the droplet axial direction and decreases gradually
from the axis to the wall (Fig. 9d). This kind of distri-
bution is identical to the velocity gradient in the drop-
let radial direction (Fig. 7a). Considering that the in-
ner circulation in the droplet also occurs symmetrically
along the droplet axial direction (Fig. 8), it is evident
that as the droplet moves in the microchannel, the
mixing process can be strongly facilitated.

(a) (b) (©)

Scalar
- 1.00

0.75

1 0.50

0.25

I 0.00

Fig. 9 Scalar distribution in the droplet formation stage
and droplet moving stage with u,, =50 mm/s and ¢£,=0.5:
(a) =1.0x107 s; (b) £=2.0x107* s; (¢) =4.5x107" s; (d) £=9.5%
107 s; (e) =12.5x107 s; (f) =18.5%x107 s

For a quantitative analysis of the mixing efficiency
at different droplet superficial velocities, the scalar con-
centration of each node in a specified droplet was ex-
tracted and compared with the ideal condition. Eq. (5)
was selected for quantifying the mixing efficiency.

Fig. 10 presents the variation of the mixing effi-
ciency with the droplet superficial velocity immedi-
ately after droplet formation. At a constant dispersed
phase fraction, with increasing droplet superficial ve-
locity, the mixing efficiency first decreases and then
increases slightly. For example, at a constant dispersed
phase fraction of 0.2, with the droplet superficial ve-
locity increasing from 10 to 30 mm/s, the mixing effi-
ciency in the corresponding droplet decreases from
82.8% to 68.2%. However, when the droplet superfi-
cial velocity is increased from 80 to 100 mm/s, the
mixing efficiency in the corresponding droplet increa-
ses from 67.4% to 68.6%.
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Fig. 10 Mixing efficiency at different droplet superficial
velocities at the moment of droplet formation

In the droplet formation stage, both droplet length
and droplet formation time have significant effects on
the mixing efficiency. A longer droplet formation time
and a smaller droplet length contribute to a higher
mixing efficiency. As discussed in Section 4.2, varia-
tion in the droplet superficial velocity affects not only
the droplet length, but also the droplet formation time.
At a constant dispersed phase fraction, as the droplet
superficial velocity increases, the droplet length and
droplet formation time both decrease. This presents a
reasonable explanation of the effect of the droplet su-
perficial velocity on the mixing efficiency in the drop-
let. It can be assumed that when the droplet superfi-
cial velocity is lower than 50 mm/s, the mixing effi-
ciency in the droplet is time-dominated. Thus, when
the droplet superficial velocity increases from 10 to
50 mm/s, the mixing efficiency in the droplet de-
creases. This is because the droplet formation time is
decreased with an increase of the droplet superficial
velocity. The time provided for the mixing is reduced.
When the droplet superficial velocity is higher than
50 mm/s, the mixing efficiency in the droplet is length-
dominated. With the droplet superficial velocity in-
creasing, the droplet length decreases accordingly. The
twirling effect is fully induced in the smaller droplet
and greatly promotes the mixing efficiency.

At the end of the droplet forming stage as shown
in Fig. 9d, the scalar is distributed symmetrically along
the axial direction. The scalar concentration decreases
from the droplet axial direction to the wall. Thus, dur-
ing the droplet moving stage, the scalar distribution in
the droplet gradually tends to become uniform. The
mixing performance is greatly promoted by the inner
circulation in the droplet. Fig. 11 shows the mixing
efficiency in the droplet moving stage.
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Fig. 11 Mixing efficiency at different droplet superficial
velocities in the droplet moving stage with £,=0.5

In Fig. 11, the time =0 represents the end of the
droplet forming stage. In the droplet moving stage, the
droplet length and droplet superficial velocity domi-
nate the mixing efficiency in the droplet. With the in-
crease of the droplet superficial velocity, the droplet
length decreases. The circulation path in the droplet is
reduced accordingly. The reduced circulation path and
the fast circulation time greatly facilitate the mixing
efficiency. With the droplet moving in the microchan-
nel, the mixing efficiency gradually increases (Fig. 11).
A higher droplet superficial velocity results in a faster
mixing process. Importantly, Fig. 11 indicates that at
the end of the droplet forming stage, the mixing effi-
ciency is about 60%. After the droplet moves for
0.035 s in the microchannel, the mixing efficiency
reaches 85%. This is attributed to the initial distribu-
tion of the dispersed phase and the continuous phase.
For this arrangement, there is no need for a complex
microchannel structure to break the symmetrical inner
circulation in the droplet (Ozkan and Erdem, 2015;
Madadelahi and Shamloo, 2017; Bai et al., 2018; Qian
et al., 2019a).

5 Conclusions

In this study, droplet formation and the mixing
process in a droplet were investigated via the VOF
method coupled with UDS. The effect of droplet super-
ficial velocity on the droplet length, droplet formation
time, and mixing efficiency in the droplet were ana-
lyzed quantitatively. The conclusions can be summa-
rized as follows:

An increase of the droplet superficial velocity re-
sults in a decrease of the droplet length and droplet
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formation. As the droplet superficial velocity increa-
ses from 10 to 100 mm/s, the droplet length varies
within £15% of the average value. As the droplet
superficial velocity increases, the droplet formation
time decreases. Also, the effect of the dispersed phase
on the droplet formation was investigated. At a con-
stant droplet superficial velocity, the exchange of ve-
locity between the dispersed phase and the continu-
ous phase has a marginal effect on the droplet forma-
tion time. However, the operation has a significant ef-
fect on the droplet length. These findings provide a
valuable guide for the future operation of droplet
formation.

Compared with the conventional distribution, the
adopted initial distribution of the continuous phase
and the dispersed phase provides a better platform for
mixing performance. The arrangement causes the
scalar concentration to decrease from the droplet axis
to the wall, at the end of the droplet forming stage.
Thus, the inner circulation in the droplet can be fully
utilized. This arrangement also avoids the requirement
for a complex structured microchannel. The variation
of the droplet superficial velocity influences not only
the droplet formation time but also the droplet length.
The results indicate that the mixing efficiency in the
droplet can be classified into time-dominated and
length-dominated regimes. When the droplet superfi-
cial velocity is lower than 50 mm/s, the mixing effi-
ciency in the droplet is time-dominated. A longer for-
mation time contributes to a higher mixing efficiency.
Thus, the increase in droplet superficial velocity results
in a decrease in mixing efficiency. However, when the
droplet superficial velocity is higher than 50 mm/s, the
mixing efficiency in the droplet is length-dominated. A
smaller droplet is more beneficial to the mixing effi-
ciency. Thus, increasing the droplet superficial velocity
facilitates the mixing efficiency in the droplet. In the
droplet moving stage, the droplet length and droplet
superficial velocity dominate the mixing efficiency in
the droplet. A higher droplet superficial velocity results
in a faster mixing process.

Although the findings highlight the signifi-
cance of the inner circulation on the mixing pro-
cess inside the droplet, the distribution of the inner
circulation needs to be further addressed. An in-
depth study should be carried out in the future to
clarify the relationship between the intensity of
the inner circulation and the characteristics of the
droplet.
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