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For the practical applications of droplet-based microfluidics, we have paid special attention to the complex hydrodynamics
and mixing performance inside microdroplets and the profound process intensification when forcing the droplets to move in
winding channels. In this work, experimental studies using micro laser induced fluorescence (u-LIF) technique and three-
dimensional simulation based on a multiphase, multicomponents lattice Boltzmann model approach were adopted. The
simulation results clearly revealed that the mixing inside the droplet is due to the convection in symmetric vortices in the
two hemispheres of the droplet and the diffusion between them. They also showed the fluids inside the droplet could be
reoriented due to the winding effect. Three designs of winding channels were studied, where interesting results showed the
similar effect of process intensification by breaking up the flow symmetry. The revealed flow mechanism and the mixing
performance inside the droplet in droplet-based microfluidics should be helpful for microdevice design and optimization.
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Introduction

Using microdroplets as individual nanovolume batch reac-
tors becomes very promising in practical applications. For
example, droplet-based microfluidics can help to enhance
and accelerate cell encapsulation,’ protein crystallization,”
enzymatic kinetics,3 drug delivery,4 and so on. Meanwhile,
the precise control on the underlying hydrodynamics and
processes by the droplets in microfluidic devices leads to
new scientific methods and insights.” Accordingly, growing
interest has been put in this fascinating area dominated by
the microhydrodynamics of droplets.

With downscaling of the channel size, the viscous and
interfacial forces in microfluidics system become more and
more predominant. The flows generally remain laminar
under very low Reynolds numbers and hardly change to tur-
bulent. Therefore, mixing and chemical reactions occur
mainly by molecular diffusion, which is usually too slow,
even at the scale of microfluidic devices. Some researchers
have tried to enhance the mixing and the reactions using
chaotic advection,G_lO where the droplet-based microfluidics
is one of the means to implement the process intensification.
It has been noticed that chaotic advection inside a droplet
has the special feature of precisely controlling little amount
of liquid with a narrow residence time distribution."" Besides
the droplets in a microchannel, the mixing process in hang-
ing droplets out of a microchannel outlet is also one of the
droplet-based mixing methods for process intensification.'?
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Understanding the flow phenomenon inside a droplet is,
therefore, of great significance for fluid handling in droplet-
based microfluidic systems.

Both experiments and lattice Boltzmann simulations
were carried out to study the gas—liquid flow in microchan-
nels under various conditions.'? The flow regimes with dif-
ferent bubble shapes were found depending on the capil-
lary number of the fluid flow. A volumetric velocity distri-
bution inside a droplet was measured by the confocal
micro particle image velocimetry (u-PIV) technique. The
results suggested that a three-dimensional (3-D) complex
circulating flow existed inside the droplet.'* The measured
velocity fields by micro-PIV were compared with the simu-
lation results obtained by an interface-capturing technique
without any interface reconstruction.”® 2-D simulations
were carried out to calculate the concentration field of a
chemical component in a square microchannel by means of
volume-of-fluid method.'® Both the experiments and the
simulations revealed some flow mechanisms in the droplet-
based microfluidics. However, because of complexity in
physics and measurement technique constraints, the flow
phenomena, especially the mixing behaviors of different
components inside a droplet, are still not very clear.

In the present study, the multicomponent lattice Boltz-
mann model (LBM) proposed by Shan and Chen'” was
further developed for the two-phase flow simulation in
microfluidic devices. 3-D simulations based on LBM
were performed with a reasonable computational cost.
Special attention was paid to the determination of mix-
ing behaviors inside the moving droplet in microchan-
nels. Here, both straight and winding channels were
investigated to see different flow patterns inside the
microdroplets.
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Experimental Setup
Microfluidic devices and materials

Figure la shows the schematic diagram of the laser
induced fluorescence (u-LIF) experimental system. A 1.5-W
diode pumped solid state continuous laser with a 532-nm
characteristic wave length was set to lightening the flow field
from the underneath of the microchannel plate. The images

of the lighted flow fields were captured at a frequency of
200 frames s ' by a 12-bit CCD camera (IMPERX, IPX-
VGA210-L, USA), fixed on top of the microscope. The cor-
responding spatial resolution was 5 um pix~'. A high-pass
optical filter in front of the camera filtered the scattered and
reflected laser to ensure that only the fluorescence signal was
received by the camera. Rhodamine B was chosen as the flu-
orescent tracer. The averaged fluorescence intensity (in terms
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Figure 1. (a) A schematic diagram of experimental system.

(b) The structure of the cross-shaped microchannel. Simulation: w = 20 lattice, H = 20 lattice; Experiment: w = 200 yum, H = 200
um. (c) The structure of the straight and 90°-winding microchannels. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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of gray value) in the z direction was collected by the camera.
In this way, some mixing details of the cross-section along
the channel would be lost, but the extent of mixing process
could still be captured through the 2-D measurements.

As shown in Figure 1b, the cross-shaped microchannel
used in the experiments was fabricated on a polymethyl
methacrylate (PMMA) sample plate by precise milling and
sealed with a thin PMMA cover slide using low azeotropic
solvent method."® Two syringe pumps were used to pump
the liquids into the microchannel device, where deionized
water was injected as the disperse phase, while the n-octane
with 0.5 wt % Span80 was injected as the continuous phase.
The contact angle of the water in this case was 160°, and
the viscosity ratio (u./uy) was 0.5. Rhodamine B (absorption
spectrum 460—590 nm, max = 550 nm; emission spectrum
550—680 nm, max = 590 nm) was u as the fluorescent
tracer. Figure lc shows the geometry of the straight and
winding channels used in simulation, and the detail informa-
tion will be given in section The computational domain.

Calibration of p-LIF experiment

To measure the concentration field in the mixing channel,
one inlet stream contains the Rhodamine B as the fluorescent
tracer. The fluorescence intensity (Ic) is proportional to the
concentration (C) of Rhodamine B in the dilute solution,'®*°
as shown in Eq. 1

IC :Fl -C-exp(—Fz-C) (1)

where I'; is the local coefficient related to the experimental
parameters; ', is the coefficient that takes into account the
effect of absorption. Under the condition of small concentra-
tions of the tracer, the fluorescence intensity is linearly
dependent on the concentration of Rhodamine B. The
calibration experiments were carried out in situ in the
experimental system. First, six solutions of Rhodamine B at
different concentrations were prepared accurately. Then, the
laser, camera, and microchannel chip were adjusted to the
proper positions, exactly the same as in the subsequent
experiments. Some parameter settings, such as the laser
energy, diaphragm, and exposure time were also fixed. By
plotting the average fluorescence intensity (Gray value) vs. the
tracer concentration (C), the calibration curve was ob-
tained.'>*!*

Mathematical Model of LBM

LBM is a relatively new method for fluid flow simulations.
Its origin could be traced to the lattice gas cellular automata.
The basic governing equations of LBM can be obtained by
discretizing the Boltzmann equation in both temporal and spa-
tial dimensions. In contrast to the conventional computational
fluid dynamics method, LBM is positioned between the con-
tinuum level described by the Navier—Stokes equation and the
microscopic (molecular) level, which is suitable for modeling
processes at the mesoscale, such as fluid flows in microchan-
nels. The governing equations of LBM can be conveniently
expanded to simulate multiphase fluids. One of the advantages
of LBM for multiphase flows is that the phase separation of
two immiscible fluid components takes place spontaneously,
without the need to track the interface. It is also convenient to
control the wettability of the solid surface for the fluid com-
ponents. Several approaches for multiple component and mul-
tiphase flow, such as the chromodynamic,23 the interaction
potential'” and the free-energy,”* have been developed in the

AIChE Journal May 2013 Vol. 59, No. 5§

Published on behalf of the AIChE

framework of LBM. Each of these formulations has its own
drawbacks: the coloring and recoloring step of chromody-
namic are complex and time-consuming; the interaction
potential approach has some spurious current at the inter-
face region and the model works well for low density ratios
only; and the free-energy approach suffers from the lack of
Galilean invariance. Although there are disadvantages
for each approach, they are still widely used to simulate
multiphase and multicomponent flows in the microfluidic
systems.13’25_27

Multicomponent LB model

In the modeling scheme of LBM, the fluids are assumed
to be composed of packs of virtual fluid particles streaming
and colliding along certain lattice directions. Probability den-
sity functions (PDFs) are used to describe the motion behav-
iors of these fluid particles and the macroproperties of fluids,
such as velocity, pressure, and density, can be statistically
calculated. Among different LB methods, the lattice Boltz-
mann Bhatnagar-Gross-Krook (BGK) model is considered as
the most robust.”® In the BGK model, a single parameter
relaxation term is used to act as the fluid particle collision
process. In this work, we used the interaction potential
approach for its ease of implementation and the isotropic na-
ture of solutions and further developed the multicomponent
LB model proposed by Shan and Chen for three-component
flow simulation in microfluidic devices.'’

To simulate the three-component flow processes, three
sets of PDFs should be introduced. The script ¢ denotes the
different fluid components by specifying ¢ = 1, 2, or 3, and
¢ indicates one of the other fluid components. The evolution
of the particle distribution is described by Eq. 2

Joi(x + €01, 1 + 6t) = fri(x,1) —TL foi(x,0) = fil(x,0)] ()

g

In the simplest implementation, with dx = 1, ot = 1, the
equilibrium function is expressed as

e 2 eq2
edyy e -ut (e -ut) w
fcri (x) - Wlpa(x) 1+ Cg = + ZC‘; - 206—‘2

3

where wj is the weight coefficient, u.q is the equilibrium
velocity, e; is the discrete velocity associated with the i-th
lattice direction, 7, is the relaxation time, which determines
the kinematics viscosities of these three fluids, and ¢, is the
lattice sound speed. In the D3Q19 lattice (19 velocity vectors
in 3-D), the value of ¢y is equal to \/5/3. The weight coefficient
values of the D3Q19 lattice are given in Eq. 4.

1 1 1
e — e — 4
Wo =35 Wis6 = Tg» WI-18 = 3¢ (€]

These evolution equations are linked to each other by
using a force term contained in the equilibrium velocity ud,
as shown in Eq. 5

T

N ®)
a

The equilibrium velocity #? is computed from a compos-
ite macroscopic velocity u'.
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u/:ZJpU/TUuJ (6)

zo' po‘/’[ff

which differs from the macroscopic uncoupled velocities u,, of
the individual fluids.

Zealxz 7)

The density for each component is as usual

o0 =D oix.1) ®)

u51gma X, t

The force F, is a sum of two force terms, as shown in
Eq. 9. These two forces are the interaction force between dif-
ferent fluid components, denoted by FE, and the interaction
force between fluids and the solid surface, denoted by F?*.

F,=F +F ©
ZGJGZW, x+e)-e  (10)
F = —lpaxZGUswis(x—i— e) - e (11)

where ¥/ (x) is the interaction potential of the component ¢

% = paO[l - eXp(_pa/pJO)] (12)

Pso 1S an arbitrary constant. G,; is the interaction strength
between different fluid particles. By adjusting the value of G,
among the components (¢ = 1, 2, and 3), we can get the
miscible and immiscible fluids among these three components.
The relative value of G, also determines the diffusion speed
between the miscible components. The parameter G, is the
interaction strength between the solid and the fluid component
o. The variable s(x) equals to 1, if x is in solid and to 0, if x is
in fluid. The relative value of G, between each component
determines the wetting conditions of these components on the
solid surface. The macroproperties of fluids, that is, density p,
velocity U, kinematics viscosities v, and pressure p, can be
calculated by Eqs. 13-16, respectively.

x, 1) = qu (13)
ZZelal x,1) %;Fa(x, t) (14)

1 1
Vo :g(‘ca_§> (15)

p(x, 1) = Cé Zpa(-xv 1)

p(x,)U

1
568 D ool (x5 (x.1) - (16)

Boundary conditions

The “mid-plane” bounce-back scheme® is used to realize
a nonslip wall boundary condition. There are two kinds of
boundary conditions used for the inlet and outlet boundaries.
One is the nonequilibrium bounce-back scheme: the velocity
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of each component is given at the inlet boundaries, while the
pressure is held constant at the outlet boundary. The original
algorithm was developed by Zou and He.*' In the other
scheme, a modified periodic boundary condition is set when
reaching for the steady state. The algorithm was developed
by Zhang and Kwok.*> To simulate the multicomponents,
the average pressure is used instead of the average density,
as shown in Eq. 17.

fin _ pout PO =+ ﬁ in _ pout PO — ﬂL (17)
cinlet — Jooutlet = s Jooutlet — Joinlet -
Poutlet Pinlet

where L is the channel length along the moving direction for
periodicity, f is a constant representing the overall pressure
gradient along the periodic direction, and pj,., and p,e; are
the average pressures over the inlet and the outlet, respec-
tively.

The computational domain

In our simulations, the computational domain is 3-D
meshed by square grids. Dimensionless variables are used in
all the simulation cases. The velocity field inside the droplet
moving in a straight channel is first studied with a computa-
tional domain consisting of 200 x 40 x 40 lattices, as
shown in Figure lc. Then, the flow patterns inside the drop-
lets in the winding channels are investigated with a computa-
tional domain consisting of 200 x 90 x 22 lattices (e.g., for
the 90°-winding channel shown in Figure Ic). The channel
width (or the depth) of the straight channel and the winding
channels are 38 lattices and 20 lattices, respectively. Finally,
we compare the simulations with the p-LIF experiments in a
cross-shape microchannel with a computational domain con-
sisting of 500 x 92 x 22 lattices, as shown in Figure 1b.
The channel width (w) and the depth (H) are 20 lattices in
both cases.

Results and Discussion

To determine the internal fluid movement in the moving
droplets, we calculate the relative velocities in a coordinate
system which is defined as moving at the same velocity as
the droplet. All vectors in sections Validation of LBM simu-
lation and Mixing patterns inside droplet through the 90°-
winding channel represent velocities relative to the moving
droplet, and the vectors in Sec. 4.4 represent velocities rela-
tive to the channel wall. The average velocity of the moving
droplet is calculated as in Eqs. 18 and 19.

L
Q:i/ (/U-ndS)dl (18)
Ld 0 s

Uave = (19)

where Ly and S are the length and the cross-section of the
droplet, respectively; U and U,,. are the local velocity vector
and the average velocity of the droplet, respectively; n is the
unit vector normal to the surface element dS; and [ is the
streamwise coordinate.

In the microchannels, the viscous and interfacial forces
are more important than the inertial effects and the gravity
force. Their relative magnitude determines the fluid flow
behaviors. Therefore, flows in the microchannel can be char-
acterized by a group of parameters, such as the interfacial
tension (y), the inlet volumetric flow (Q. and Qq4), the
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Figure 2. Different wettability of Fluid 2.

G2 = 3, Gis = 3, (a) Gy = 05 (b) G = 0.5; (¢) = 1; (d) G5 = 1.5;5 (e) G5 = —0.5; (f) Go5 = 1. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

dynamic viscosity (u, and u4), and the wettability. The cap-
illary number (Ca), which describes the relative importance
of the viscosity and the interfacial tension, is the most im-
portant parameter to understand flow formation in such chan-
nels. The definition of Ca is given in Eq. 20

Ca = “CV”C (20)

where u, is the average inlet velocity of the continuous phase,
U, the dynamic viscosity of the continuous phase, and y the
interfacial tension between the two phases. We use the
subscripts ¢ and d to refer to the continuous and dispersed
phases, respectively.

Validation of LBM simulation

It should be mentioned that the LBM simulations are exe-
cuted in the so-called lattice units. One can compare the
LBM results with physical problems by comparing dimen-
sionless groups, such as Ca numbers, Re numbers, and
0Q4/Qc. One lattice cell usually corresponds to 5 or 10
pm.' %27 To validate the numerical method, a single-com-
ponent flow was first modeled in a square-shaped geometry
with periodic boundary. The kinematic viscosity of the fluid
was set to be 0.167, and the overall pressure gradient param-
eter was set to be 8 x 107>, Under the given flow condition,
the pressure difference (the density difference) in the entire
channel was 1.59%, which meets the conditions for the
incompressible fluids.

To obtain the relationship between the value of G,; and
the interfacial tension ), a simple determination course was
designed before carrying out the simulations. Here, a 3-D
cube domain, containing 80 x 80 x 80 lattices, was first
filled with Fluid 1. Then, different sizes of droplets of Fluid
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2 were placed at the center of this domain. After achieving
the equilibrium states (sufficient amount of computational
steps is needed, always more than 50,000 steps), the pres-
sures inside and outside the droplet were recorded. The
Young-Laplace law was used to determine the interfacial
force, as shown in Eq. 21

Y
Pin = Pou = 21
where pi, and poy are the pressure inside and outside the
droplet, 7y is the surface tension between the two phases, and R
is the radius of the droplet. When G,; is 2.6, 2.8, 3.0, 3.2, and
3.4, the nondimensional interfacial tension can be determined
as 0.112, 0.120, 0.128, 0.144, and 0.160, respectively.

Each fluid component can interact with solids independ-
ently via separate interaction parameters. This is as expected
considering that there are interfacial tension values between
the two fluids (61,) and between each fluid and the surface
(015 and o) that appear in Young’s equation

025 — Ols

cosly = (22)

g12

which determines the contact angle (04) of Fluid 2 measured in
Fluid 1.

Again, we used a 3-D square domain (containing 80 x 80
x 80 lattices) filled with Fluid 1. Then, 30 x 30 x 30 latti-
ces of Fluid 2 were placed at the edge of this domain. We
fixed the values of G» and Gi,. We varied the value of Gy
to examine the wettability of two fluids. Figure 2 shows the
wettability of Fluid 2 under different values of G,;. The mid-
dle plane of the droplet was used to measure the contact
angle of the fluid g, as show in Figure 2f. In our simulations,
Component 1 was set as the continuous wetting phase,
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Figure 3. Velocity field inside droplet in microchannels.

(a) xy-plane from a 3-D simulation result; (b) xyplane
from u-PIV experiments'?; (c) xy-plane from a 3-D simu-
lation result'®; (d) xy-plane from a 2-D simulation
result.’ [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

whereas Components 2 and 3 were the disperse nonwetting
phase. It should be noticed that there are a maximum of two
phases in our simulation, the disperse phase and the continu-
ous phase. Components 2 and 3 are miscible with each other
and immiscible with Component 1.

To validate the 3-D model, comparisons have been made
with the experimental14 and numerical"® velocity field from
the literature, as shown in Figure 3. In our simulation, the
kinematic viscosity of the continuous flow was set to be
0.167, and the viscosity ratio of the fluid (u./py) was 0.5.
The density ratio of the fluid (p./pq) was 0.7. The nondi-
mensional interfacial tension was 0.128. The contact angle
of the Fluid 2 was 160°. The Ca number was around 0.022
and the Re number was around 2.5. Because all vectors in
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the figures represent velocities relative to the moving drop-
let, the velocity is oriented toward the front in the central
region of the droplet, whereas in the vicinity of the sidewalls
it is oriented toward the back of the droplet. This flow phe-
nomenon generates a pair of vortices stretched along the
moving direction near both sidewalls of the channel (as
shown in Figures 3a, b, and c¢). In a (micro-)channel, the
flow rate in the central region is higher than that near the
wall, as the so-called Poiseuille flow. In the confined space
like a droplet, however, the fluid inside the droplet cannot
flow out of the droplet. The circulation is due to the differ-
ence of the fluid velocity from different positions inside the
droplet, which leads to this flow topology inside the droplet.
The main flow features in our simulation show good agree-
ment with the experimental data by Haruyuki et al.'"* The
vortices are symmetrically distributed on the two halves of
the droplet through the moving direction, which enhance the
mixing by circulation in each half and form some singular
points (Figure 3a-S,;, S.o, Sa3, Si, S»). Because the fluid is
incompressible and no source or sink is presented, there can
be only two kinds of singular points: (1) saddles (unstable)
at the meeting point between two opposite flowing stream-
lines or (2) centra (stable) in presence of a nonzero curl.*® In
each half of the droplet, there are three main singular points:
Sa1 determines the flow topology of the main vortex; S,, and
S.3 determine the small circulation zones in the anterior and
posterior parts, which are caused by the interaction between
the continuous phase and the dispersed phase. These three
singular points form two saddles points (S; and S,) at the
meeting points between them. These small vortices were not
revealed by Haruyuki’s experiment, but Sarrazin et al.'> has
revealed this circulation zone by direct numerical simula-
tions (as shown in Figure 3d). In our previous work,”’ we
have also validated our model with different flow patterns in
the microchannels and performed the quantitative compari-
son with both the experiment data and the simulation results
in the literature.

Mixing patterns inside droplet through the
90°-winding channel

As has been shown in Figure 3, the droplet moving in the
straight channel has a pair of vortices stretched along the
moving direction near both sidewalls of the channel in the
xy-plane (also in the xz-plane). Although these vortices can
enhance the mixing of the fluid inside the dispersed flow,
they are still separated by the middle axis of the droplet. In
the straight channels, two symmetric vortices form on the
left and right halves of a droplet (i.e., in the direction of the
droplet movement). The mixing occurs by convection within
each half and mainly takes place by diffusion between
the two semispheres of the droplet. Some researchers
have already indicated that mixing and/or chemical reactions
in droplet-based microfluidic devices can be accelerated
when the droplets are transported through a winding
microchannel. '

Figure 4a shows the velocity field inside the droplet along
the moving direction in the 90°-winding channel. The veloc-
ity gradients still determine the flow topology inside the
droplet, but the flow phenomenon is more complex when the
channel changes direction. Due to the change of the flow
direction in the winding channel, the interaction between the
backward flow from the side of the upstream and the for-
ward flow from the center of the downstream creates a
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Figure 4. The streamlines inside the droplet in the 90°-winding channel.

(a) Streamlines at xy plane, z = 11: (1) at the first corner; (2) at the second corner; (3) at the third corner; (4) at the forth corner.
(b) 3-D flow field. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

vortex at the corner of the channel. The saddle points (Fig-
ure 4a-1-S; S,) at the corner divide the original vortices
along the sidewalls into two parts (Figure 4a-1-S, and Sy,
Sc, and Sy). With the droplet moving through the corner, a
new vortex can be formed (Figure 4a-2-S., Figure 4a-4-S.)
at the posterior part of the droplet, and Sy may move to the
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anterior part of the droplet (Figure 4a-3, 4). The formation
and the movement of the vortices enable the convection of
the flow at the different sides of the middle axis, which
makes up for the weakness of the straight channel. The
streamlines in Figure 4a are actually the projection of these
3-D flow fields on the 2-D plane. Figure 4b shows a 3-D

DOI 10.1002/aic 1807



100%
50%
Ilw=1525% X
20
> 40
Iw=17
0%

Iiw=10.5% X = =

Figure 5. LBM simulations of mixing behavior inside
the droplet in the straight channel.
#L‘/Hd = 0.5, (‘)d :1600, Ca = 0.022. Gll = 3, Gl3 = 3, Gz3 =
1.6. Color represents the normalized concentration of
Component 2, where the pure red denotes 100% Compo-
nent 2 and the pure blue denotes 0%. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

vision of the streamlines inside the droplet in the winding
channel. We can see clearly that 3-D flow fields are more
complex than the 2-D flow fields; there are two main vortexes
inside the droplet in 3-D and some small vortexes in the local
droplet. The 3-D effects of velocity gradients together with
the change of the flow direction determine the complex flow
topology inside the droplet. With the movement of the droplet
passing through the corner, the vortices reorient the fluid
inside the droplet and thereby accelerate the mixing. After
several turns, the fluid inside the droplet can achieve a well-
mixed state. The effect of this acceleration is related to the
winding angle of each turning corner. A larger angle can
make the internal circulation more intense, but it will increase
the flow resistance and the manufacturing difficulty.
Microfluidics with three fluid components are used for a
direct understanding of the mixing process, as shown in Fig-
ures 5 and 6. The flow conditions are the same as mentioned
in Validation of LBM simulation Fluid 1 serves as the con-
tinuous phase, Fluids 2 and 3 serve as the dispersed phases
to be mixed. Colors represent the normalized concentration
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of Fluid 2: pure red denotes 100% Liquid 2 and pure blue
denotes 0%.

As can be seen in Figures 5 and 6, the 90°-winding chan-
nel can significantly intensify the mixing performance inside
microdroplets. In the straight microchannels, Taylor flow
exists with a circulation flow pattern for the wall effect in
microchannels. The droplet has a pair of vortices stretched
along the moving direction near both sidewalls of the chan-
nel in the xy plane (i.e., the horizontal plane) Within each
half-sphere, the mixing occurs by convection. Between them,
it mainly takes place by diffusion as it is a laminar flow in a
straight microchannel. The winding channel can reorient the
fluid inside the droplet, causing recirculation inside, which
could enhance the mixing in microfluidic devices. Song
et al.'” assumes that this acceleration is due to the fluid
movements, such as circulations or vortices generated by the
droplet handling through their experiments. This study has
proven this flow mechanism of a moving droplet in a wind-
ing channel through a numerical simulation by using the 3-D
multicomponents LB model.

Mixing performances of microdroplets for different
channel designs

To quantitatively analyze the mixing process, intensity of
segregation (IOS) is used to characterize the mixing per-
formance. The parameter 10S is a measure of the difference
of concentration between pure liquids with and without
tracer.> The IOS can be calculated from the normalized

concentration inside the whole droplet. The IOS is
defined as
&)
C=—"—+ 23
G+ G @9
2
108 ¢ (24)

T <C> (1 —-<C>)

where C is the percentage composition of the mixture in terms
of Component 2 (Fluid 2) at each individual measurement
pixel, <C > is the mean concentration of Component 2 inside
the whole droplet, and ¢ is the standard deviation of <C>.
I0S represents the extent to which the concentration in
different regions in the mixing field departs from the mean
value: a value of 1 for IOS corresponds to a totally segregated
system, whereas a value of 0 corresponds to a homogeneous
mixture.

As mentioned in Multicomponent LB model, we can
change the diffusion rate between the miscible components
by adjusting the relative value of G,;. Figure 7 shows a
quantitative comparison of mixing performance between two
channels under different diffusion parameters. It can be seen
that there are two stages in the mixing process in the straight
channel. For a better understanding, we define the red region
in Figure 5 (I/w = 0.5) as part-a with Component 2 (Fluid 2)
in it at the very beginning of the mixing process, and the
other region inside the droplet as part-b with Component 3
(Fluid 3) in it. In the initial stage, the concentrations of
Components 2 and 3 in parts a and b are very different. The
diffusion rate is relatively fast near the middle axis of the
droplet. Component 3 diffuses fast from part-b into part-a
through the middle axis, and spreads quickly inside part-a
thanks to the vortex in this half-sphere, leading to a rela-
tively fast decline of IOS value inside the droplet. With dif-
ferent diffusion rate, the mixing efficiency is also very
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Figure 6. LBM simulations of mixing behavior inside the droplet in the 90°-winding channel.

g = 0.5, 05 = 160°, Ca = 0.022. Gy, = 3, G153 = 3, G,3 = 1.6. Color represents the normalized concentration of Component 2,
where the pure red denotes 100% Component 2 and the pure blue denotes 0%. /iy = 0.5, 0, = 160°, Ca = 0.022. Gy, = 3, G153 =
3, G,3 = 1.6. Color represents the normalized concentration of Component 2, where the pure red denotes 100% Component 2 and
the pure blue denotes 0%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

different during this stage. During the latter stage, the con-
centration difference near the middle axis becomes small,
and the mixing speed slows down in the straight channel. In
the winding channel, the fluid inside the droplet is reoriented
because of the sudden change of the direction of the droplet,
which results in more effective mixing by recirculation
flows. When the interaction is weak, the diffusion speed is
relatively fast and the effect of the channel geometry is not
obvious. When the diffusion speed is relatively slow, the
effect of fluid reorientation is obvious and results in more
effective mixing by recirculation flows. The effect of the
winding channel is to break the symmetric distribution of
the fluids inside the droplet, leading to an effective mixing
inside the droplet.

To further investigate the winding effect, we simulate the
processes of four channels with different winding shapes:
straight channel, 45—-135° channel, 90° channel, and Z chan-
nel. Figure 8 shows typical results for these four different
channels. Although the plug passes through the turning cor-
ner, the vortices at the corner reorient the fluid inside the
plug to different extents according to the winding designs.
But as long as the symmetric distribution of the fluid is peri-
odically broken in a relatively large corner, it can notably in-
tensify the circulation in each half of the droplet thereby
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Figure 7. Comparison of mixing performance using 10S
along the flow direction between straight and
90°-winding channels for different Gas.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. LBM simulations of mixing behavior inside the droplet in different channels.

g = 0.5, 05 = 160°, Ca = 0.022. Gy; = 3, G135 = 3, G,3 = 1.6. Color represents the normalized concentration of Component 2,
where the pure red denotes 100% Component 2 and the pure blue denotes 0%. (a) straight channel; (b) 45-135° winding
channel; (b) 90° winding channel; (d) Z winding channel. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

accelerating the mixing performance inside the droplet. Fig-
ure 9 shows a quantitative comparison of the mixing per-
formance through the channels. It is interesting to notice
that, under the typical simulation conditions, the effect of
mixing intensification is almost independent of the winding
angle of the corner, which indicates that the angle can be
adjusted flexibly according to the specific need of the pro-
duction process.

Mixing performance considering the droplet generation

In the work aforementioned, we have considered the mix-
ing behaviors inside droplets for fully developed situations

0.6+ —— S-channel
—8— 45-135°W-channel
—h— 90°W-channel
051 —— Z W-channel
04
£ o3t
=
02}
0.1F
0-0 1 1 1 1 1
0 2 4 6 8 10

Ihw
Figure 9. Comparison of mixing performance using 10S
along the flow direction between straight and
winding channels.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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in the experiments corresponding to the simulation results
using periodic boundary conditions. In this section, we pay
attention to the full process starting from the droplet forma-
tion in a cross-shaped microchannel design (shown in Figure
1b). u-LIF experiments were carried out to validate our sim-
ulation results.

In both experiments and simulations, Fluid 1 served as the
continuous phase, Fluids 2 and 3 served as the dispersed
phases to be mixed. The flow conditions were the same as

04
T s e —
03 F
w2
9 0.2F
0.1 F
—=&— Simulation result
—e— Experimental data
0.0 1 1 1 1 1
0 2 4 6 8 10

Iiw

Figure 10. Comparison of the simulation results and
experimental data in terms of 10S inside the
droplets.
ulpg = 0.5, 04 = 160°, Ca = 0.026, D /w = 2.5. Qc =
0.2 (simulation), Q; = 0.02 (simulation), Q. = 92.5 uL
min~! (experiment), Q. = 9.25 uL min ! (experiment).
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 11. Local flow fields during the process of droplet generation in the cross-shaped microchannel.

Simulation result, Ca = 0.026, Q. = 0.2, @, = 0.02. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

mentioned in Validation of LBM simulation. The Schmidt
number (Sc¢ = v/Dag) is 10° inside the droplet, which shows
that the mixing performance is significantly influenced by

100%

0%

(a)

the flow field inside the droplet. Figure 10 shows the com-
parison of the IOS value obtained by simulation and experi-
ments. It can be seen that the initial IOS value in the droplet

Sl
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SH

(b)

Figure 12. Mixing behaviors inside the droplet through the cross-shaped microchannel.

Color represents the normalized concentration of Component 2, where the pure red denotes 100% Component 2 and the pure
blue denotes 0%. (a) Simulation, Ca = 0.026, Q. = 0.2, Q; = 0.02. (b) Experiment, Ca = 0.026, Q. = 92.5 uL min !, Q; = 9.25
uL min~", [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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is relatively low and declines slowly in the latter straight
channels. Our simulation results have good concordance
with experimental data in terms of the mixing extent inside
the whole droplet.

Figure 11 gives the local flow fields inside the droplet in
xy-plane during the process of droplet generation in a cross-
shaped channel. We split the process into five stages (S1-
S5), as shown in Figure 11f. Because of the symmetry of the
channel geometry, the velocities of the two fluids in the dis-
persed phase are the same everywhere, and they flow sym-
metrically into the droplet in every stage including the drop-
let generating process. In the channel, the droplet is formed
by the flow focusing method of the continuous phase. Due to
the extrusion effect of the continuous phase, internal circula-
tions at the head and the tail of the droplet are formed (see
Figure 11-S1-S5), which can intensify the local mixing per-
formance inside the droplet. Figures 12a (simulation) and b
(experiment) clearly illustrate the mixing behaviors in a
cross-shaped channel. The simulation results in this geome-
try agree well with the experiment data. It can be seen from
these two figures that the circulation in the anterior and pos-
terior parts of the droplet enhances the local mixing quality,
but the fluids distribute symmetrically on each side of the
droplet. Therefore, in the following movement after the
detachment of the droplet, the IOS of the droplet generated
from the cross channel has a relatively low initial value with
a slow declining trend. It is to be noticed that the process of
droplet generation determines the initial liquid distribution
inside the droplet, and that different droplet generation meth-
ods may have strong influence on the mixing performance
inside the droplet along its movement in a channel. For dif-
ferent microfluidic configurations, the basic principles in
terms of physics do not change. Standing on the validation
foundation in a cross-shaped microchannel, we think that the
modeling approach can be further used to predict the fluid
dynamics and mixing in other configurations. Future work
will focus on investigating the mixing performance as well
as the process intensification during the droplet generation.

Conclusions

For a thorough understanding on the complex hydrody-
namics inside microdroplets, a 3-D multicomponents LB
model has been established and then applied to simulate
droplet flows in microchannels. The 3-D hydrodynamics of
the liquid-liquid flow are obtained with detailed information
of the mixing performance inside microdroplets. The simula-
tion results show good consistency with our u-LIF measure-
ments and the available work in the literature. In a straight
channel, mixing occurs by convection in two symmetric vor-
tices and mainly by diffusion between them. Whereas in a
winding channel, the fluid inside the droplet is reoriented
because of the quick change in the droplet direction, which
results in more effective mixing by recirculation flows. This
recirculation phenomenon inside the droplet could enhance
the mixing and the chemical reactions in microfluidic devi-
ces. It is interesting to see that the effect of this acceleration
is almost independent of the winding angle at the corner as
long as the angle is large enough to break the flow symmetry
inside the droplet, that is, to reorient the fluid movement. In
this sense, the flow mechanism and the mixing performance
inside the droplet in droplet-based microfluidics have been
revealed in this work, which should be helpful for the micro-
device design and optimization.
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Notation
C = normalized concentration of the species
Ca = Capillary number
f = probability density functions of fluid o
F = interaction force, lattice units
G = interaction strength, lattice units
H = channel height, m (in experiment) and lattice units (in
simulation)
I0S = intensity of segregation
| = flow distance along the flow direction, m (in experiment)
and lattice units (in simulation)
Q = volumetric flow rate, m’/s (in experiment) and lattice

units (in simulation)

p = pressure, Pa (in experiment) and lattice units (in
simulation)
velocity, m/s (in experiment) and lattice units (in
simulation)

S = singular point
S-channel = straight channel

W = channel width, m (in experiment) and lattice units (in

simulation)

W-channel = winding channel

Greek letters

u

y = interfacial tension, N/m (in experiment) and lattice units
(in simulation)

1 = dynamic viscosity, Pa-s (in experiment) and lattice units
(in simulation)

v = kinematics viscosity, m?/s (in experiment) and lattice units
(in simulation)

0 = contact angle

p = density, kg/m® (in experiment) and lattice units (in

simulation)

index for fluid components

relaxation time

weighting coefficient

interaction potential

the local coefficient

parameters

the coefficient that takes into account the effect of

absorption

<& aa
([ |

g
[

related to the experimental

—
~
Il

Superscripts and subscripts

¢ = continuous phase
d = disperse phase

o =fluideo (6 =1, 2, 3)

i = lattice direction

P = fluid components (particles)
S = solid surface
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