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ABSTRACT

Centrifugal microfluidics has been developed into a powerful technology in chemistry and biology. Its carrier devices allow us to control
flows without external pumps, integrate multiple functions onto a disk, and reduce the consumption of reagents or samples. In centrifugal
microfluidics, an artificial gravitational field, which determines the volume forces imposed on the microfluid, can be created by the rotating
operation of a disc-like microfluidic chip. Centrifugal microfluidics can be a preponderant approach for droplet manipulation because the
dimensionless numbers (e.g., the Reynolds number and the Bond number) of the microflows can be controlled by the reasonable design of
such a disc-like chip. To study the advection of droplets in a centrifugal microfluidic chip, this paper presents a numerical investigation for
the droplet collisions under different Bond numbers and Reynolds numbers. The progress of the collision advection is simulated by solving
laminar flow equations and phase-field equations. The distribution of the mixed droplets is described using particle tracking methods. By
evaluating the extending ratio of the interface and the barycenter deviation, it is demonstrated that the Bond number and Reynolds number
affect different aspects of the advection. For instance, higher Bond numbers produce larger barycenter deviation and higher Reynolds numbers
generate a more chaotic distribution. These simulations reveal the advection of droplet collisions under different Bond numbers and Reynolds
numbers. Revealing the effects of these dimensionless numbers and advection mechanism can promote more reasonable design and operation
of the centrifugal microfluidic platforms.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5082218

I. INTRODUCTION

Centrifugal microfluidic platforms have been extensively devel-
oped in recent years. Such platforms have a compact disc-like
(CD-like) surface, with all microchannels or chambers fabricated on
a disk that is driven to rotate by a motor,! which creates an artifi-
cial gravity field that applies a volume force to the fluids. The vol-
ume force can conveniently be adjusted by tuning the rotating speed
and acceleration. Because of this intrinsic driven force, centrifugal
microfluidic devices can be designed as closed fluidic systems with-
out any external pumps, which makes it be easy to create multiple
complex chambers and channels on one CD-like chip. These advan-
tages have resulted in the realization of many fluidic functionalities,
such as the supplying, pre-storage, releasing, and mixing of samples
and reagents. Thus, centrifugal microfluidic platforms have been

researched in several fields.? For instance, centrifugal microfluidics
have been applied to nucleic acid analysis and polymerase chain-
reaction (PCR) studies, the separation of cells or particles that can
only be realized by a centrifugal field or assembling some other
external field,*© and environmental analyses.

Droplet-based microfluidic platforms use droplets to bring
about reactions between samples and reagents. They offer signifi-
cant advantages in fabricating special materials and chemical prod-
ucts,”® can reduce the consumption of samples, and enable simple
repetitions of concurrent tests. Droplet-based microfluidics often
requires several external pumps and transports droplets at low veloc-
ity. This results in the challenges on mixing two droplets. With the
help of a centrifugal platform, the droplets can be driven at high
velocity by the volume force, whereby the droplet collision occurs
at the expected velocity and produces better mixing performance.
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The impact velocity can directly affect the initial kinetic energy in
collision, and the rotational speed can control the centrifugal accel-
eration which determine the volume force and affect the pressure in
the collision.

Droplet collision can be considered as a multiphase prob-
lem.?"" Centrifugal microfluidic systems have the physical progress
of a liquid phase replacing the gaseous phase. To investigate the
advection mechanism of droplet collisions, the diffuse-interface
method, which is popular in solving multiphase problems, can be
used to capture the dynamic interface between the air and the
droplets.'>"* In the mixed droplets, particle tracking methods can
be used to analyze the mixing distributions'# and to investigate the
mixing performance of the droplet-collision. Several mixing evalu-
ation methods and indexes have been reported.’>'® These existing
methods can reflect the mixing performance in some respects, but
not all of them can precisely evaluate the performance of the mixing
processes. In droplet collisions, better mixing performance corre-
sponds to a more chaotic distribution or longer interface between
the two droplet-components. Evaluation of the interface between the
mixed droplets is more applicable to advection of droplet-collision.
Moreover, in the mixing process of two droplets, the barycenters
of each droplet approach that of the mixed droplet. The distance
between the barycenter of the original droplets to that of the final
mixed droplet reflects the location change of the droplets in the
collision process. In centrifugal microfluidic platforms, the volume
forces, which can be considered as an artificial gravity on the droplet,
are affected by the rotating speed and disk radius. These param-
eters can be characterized by the Bond number, a dimensionless
parameter of fluid mechanics. Because different collision conditions
produce different distributions, this enables to form special droplets
or achieve better mixing performance.

The collisions of droplets can be investigated by dimension-
less numbers from different viewpoints. The Weber number, the
ratio of the inertial forces to the surface tension, is the widely used
parameter in the research of droplets collision, such as the max-
imum spreading of a droplet impact the solid surface'” and vis-
cous energy dissipation in droplet-droplet collision.'® The Reynolds
number, the ratio of the inertial forces to viscous forces, often
performs the similar role as the Weber number in droplets colli-
sion.'??% Other dimensionless numbers like the capillary number,
the ratio of viscous forces, and surface tension can also character-
ize the collision evolution of two droplets;18 and the Ohnesorge
number, the ratio of the viscous forces to the surface tension and
inertial forces, can dimensionally describe the droplet deforma-
tion.?’ Other parameters like the droplets size, the contact angle,
and even the temperature can all make the collision evolve differ-
ently.?> The Reynolds number can also be calculated according to
the Weber number and the capillary number'® or Ohnesorge num-
ber?? because the capillary number is the ratio of the Weber number
to the Reynolds number. In this paper, the mixing of two droplets is
implemented by a moving droplet colliding a static one, where both
the Reynolds number and the Weber number can be used charac-
terize the relative importance of inertial forces. Then, the effect of
the Reynolds number has been mainly investigated for the droplet
collision.

In the following, we present a phase-field model of two-phase
flow for droplet collisions in a microchannel. The mixing perfor-
mance is evaluated using the mixing interface length extension rate,

scitation.org/journal/phf

and the results of droplet collisions are appraised by examining the
barycenters. To study the advection induced by the droplet colli-
sions, the effects of the dimensionless Reynolds and Bond num-
bers on the distribution and mixing quality of the droplets are
investigated.

Il. METHODOLOGY

The methods for modeling and evaluating the advection of
droplet collision in centrifugal microfluidics are presented as fol-
lows.

A. Theoretical model

The fluid flow of the droplet motion, which moves as a slug
in a channel, is described using the diffuse-interface method. In
the diffuse-interface method, the singularity at the contact line of
the two-phase flow is regularized by the Cahn-Hilliard diffusion,
and the essential no-slip condition is imposed on the wall bound-
ary. The liquid slug motion in the centrifugal platform is governed
by the coupling system of the Navier-Stokes equations and the
Cahn-Hilliard equations,

p(% +u~Vu) =V [-pl+u(Vu+ VuT)] +yYVo+f,

-V-u=0,
@ )

0
a+u-v¢-v-(Mw),

y=-v(99) + 5o(¢* - 1),

where t denotes time; p is the fluid density; y is the dynamic viscosity
of the fluid; u is the fluid velocity; p is the pressure; I is the uni-
tary tensor; A is the mixing energy density, determined according to
the relation between the mixing energy density and surface tension

o= 2% %; ¢ is the capillary width, chosen based on the element size;

M is the mobility or Onsager coefficient; ¢ is the phase-field variable,
with ¢ = 1 in the two bulk phases and ¢ = 0 on the two-phase inter-
face; y is the chemical potential; yV ¢ is the capillary force;?* and fis
the volume force loaded on the fluid, which includes the centrifugal
force —pwx (w x r), Coriolis force —2pw x u, and Euler force —p%‘t" Xr
in the centrifugal platform.?* The density and dynamic viscosity are
functions of the phase-field variable,?®

p:pll;¢+m1;¢>
(2)
1-¢ 1+¢

U= > +,uzT,

where p; and p, are the densities of the two fluids, respectively; u:
and y; are the dynamic viscosities of the two fluids, respectively. The
boundary conditions of the coupled system are set as follows:

e Initial condition:

uli=o = uy,
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e Boundary condition at the inlet:

[-pI+pu(Vu+ VuT)] ‘n=0,

n- (MVy) =0, (5)
¢=-1L
e Boundary condition at the wall:
u=0,
n-(MVy) =0, (6)
n-(Ave) =0,

e Boundary condition at the outlet:

[-pI+pu(Vu+ VuT)] ‘n=0,
n- (MVy) =0, (7)

n-(Ave) =0,

where up and ¢ are the initial velocity and phase vari-
able, respectively. In the finite-element solution of the
coupled system in Eq. (1), triangular elements are used
for the Navier-Stokes equations and Cahn-Hilliard equa-
tions, where the fluid velocity and pressure are interpo-
lated quadratically and linearly,?® respectively. The phase-
field variable and chemical potential are both interpolated
quadratically. Numerical simulations of the collision of lig-
uid slugs in a centrifugal platform are performed using
the commercial finite element software COMSOL Multi-
physics,?730 where the simulation parameters are set as
listed in Table 1.

B. Lagrangian description of collided droplets

To investigate the distribution of the two droplet components
after collision, a particle-tracking method is used in the numerical
simulation. The particle-tracking method uses a massless particle
group to represent each liquid droplet, and this makes the advec-
tion of these particles, collision process, and mixing phenomena be
visualized.>*" These particles neither interact with each other nor
exhibit diffusion via random motion; they flow along streamlines.
The trajectories of the particles are computed using the Lagrangian
method, which records the spatial positions of the particles at each

time step. The particle advection equations are defined as*?
dx
—=u, 8
T ®

TABLE |. Parameters used to simulate droplet collisions in a centrifugal
microfluidic platform.

o (kg/m®)  p, (kg/m®) 1 (Pas) pa2 (Pas) e(m) M (m?*s/kg)

1x10° 1X10° 1x107% 1x107° 10° 50

scitation.org/journal/phf

where x is the particle position vector. The fourth-order Runge-
Kutta method with an adaptive step size is used to integrate Eq. (8)
numerically. Finally, the distribution of the particles is computed.
All particle positions can be determined using the solution of the
phase-field model. The used particle-tracking method is the forward
type. In such particle-tracking process, some particles are stopped
on the walls and the distortion of the particle group causes the non-
uniform distribution of the particles. These result in the related tol-
erance. And such tolerance is decreased by reasonably increasing the
number of particles in this paper.

In the two-phase flow, the particles representing the two
droplets being mixed move with the droplets, so they reflect the
motion and certain phenomena of the droplet collision process.
When there is enough number of points on the trajectories, the
distribution of the particles can approximate the distribution of
the droplets. If we define an indicator value for the particles from
different droplets, then the mixed droplet in the same phase can
be divided into two different particle groups based on the indi-
cator values. By defining the different particle groups with the
indicator values p = +1 or p = —1, the distribution of original
droplets in the mixed droplet can be determined. Moreover, inter-
polating between positions and identity values for all particles,
the contour line p = 0 gives the interface between the original
droplets.

C. Evaluation of advection

Unlike the mixing quality evaluation based on tracer statis-
tics®>® or the liquid concentration,** we evaluate the mixing based
on the whole distribution. And two evaluation methods are used:
the interface extension rate and the deviation of barycenters.

When one droplet impacts another, the droplets will advect
and diffuse. All the motion of the droplets, such as stretching, col-
lision, rotation, and disjunction, improves the mixing performance
and helps to extend the interface. In Fig. 1(a), the two colors indicate
the different original droplets before the mixing process. From the
interface between the two original droplets, it can be confirmed that
the interface length can be used to evaluate the advection and mixing
performance, where a longer interface indicates stronger advection
and better mixing. To make the index more rational, we define the
mixing interface extension rate which uses the length ratio of the
final mixed interface to the unmixed interface as one of the eval-
uating index of mixing. The unmixed interface is demonstrated in

(2) (b)

FIG. 1. Distributions of mixed droplet and unmixed droplet. (a) is the mixed droplet,
the different colors denote the original droplets in the mixed droplet. (b) is the
situation of two neighboring droplets without mixing.
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Fig. 1(b), and its length is the characteristic length, which is defined
to be the width of the microchannel.

Another index for evaluating the distribution is the deviation of
barycenters, which is the barycenter distance difference between the
mixed droplets and the original ones. The two original droplets have
the same density; hence, the barycenters can be calculated by averag-
ing the coordinates of the particle group used in the particle-tracking
method. The deviation of barycenters can reflect the liquid distribu-
tion of the original moving droplet as a component of the mixed
one, where smaller derivation between the barycenter of the origi-
nal moving component and that of the mixed droplet corresponds
to better mixing performance.

Ill. RESULTS AND DISCUSSION

The schematic of the simulation geometry is shown in Fig. 2.
The microfluidic structures in a test-tube shape lies on a rotating
chip along the radial direction, and all fluidics are driven by the vol-
ume force caused by the centrifugal operation. Such choice of the
geometry is because of the wide existence of the microfluidic struc-
ture formed by a microchamber connected with two microchannels
on a CD-like microfluidic chip, where the two microchannels are,
respectively, used to transport liquid to the chamber and connect
a vent hole." The simulations are conducted for different values of
the Reynolds number. By assigning different initial velocity 1o which
ranges from 0 to 3.2 m/s, the Reynolds number can be varied. The
Reynolds number of collision is calculated based on the velocity of
droplet A at the time step before collision. This is because droplet
A will accelerate for a short distance before collision. Simulations
were conducted with different values of the Reynolds number Re
and the Bond number Bo to investigate the advection of droplet
collision in centrifugal microfluidics. Figure 3 shows the general pro-
cess of the collision and mixing corresponding to Bo = 0.5778 and
Re = 159.74; and Fig. 4 shows the evolution of the maximal veloc-
ity in the process. The angular velocity is set to be 3000 rad/min.
During the rotation, one droplet is accelerated by the centrifugal
force; furthermore, Coriolis force is generated and imposed. Based
on the common action of centrifugal and Coriolis forces, the droplet
A starts moving to collide. This collision process contains several
steps. First, droplet A moves toward droplet B at one side with an
initial velocity, resulting in a collision; then, the impact forms a
resilient mixed droplet, which moves in the opposite direction to the
centrifugal force for a short distance before the finally static status.

To investigate the effect of the Bond number, the Reynolds
number in the collision kept to be invariant. In the schematic

3x10* 2.5x10™
<—>’<—>‘ ()'5
R1x10™

Air
vent

.
vent

4x107
I I

Droplet A

Droplet B

FIG. 2. Schematic of the simulation geometry for various Reynolds numbers and
fixed Bond number, where the droplet A and droplet B are in the theoretical static
state with sharp edges at rest. (Unit in the graph is m.)
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(a) t=0s

(h) 1 =3.00x 10735

FIG. 3. Collision process of the droplets in a centrifugal microfluidic platform.
At t = 0, droplet A starts to move toward droplet B with an initial velocity ug
= 2 m/s; then, a collision occurs and droplet A presses into droplet B, caus-
ing the resilient part to move in the opposite direction to the centrifugal force;
furthermore, the resilient part makes bounce-back motion, which results in the
wobble liquid/air interface; ultimately, the liquid interface calms down to its stable
status.

shown in Fig. 5, the collision occurs with an accelerated droplet
A. To ensure the constant Reynolds number, the geometry is con-
structed based on the shapes of the droplets at the time step
before collision. Because large Re can make the droplet shape be
quite unstable, its initial value should not be too large. By assign-
ing a different rotation speed or centrifugal radius, different Bond
numbers can be produced. In the simulations, the Mach number
is less than 0.3. Therefore, the compression effect of air flow is
negligible.

25 1

(m/s)

u
max

0 1 2 3 4 5 6
t(s) %1073

FIG. 4. Evolution of maximal velocity in the collision process. The maximal velocity
tends to be 0 after 3.00 x 10~3 s which means the droplets calms down to a stable
status with the least potential energy.
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Droplet A

Droplet B

FIG. 5. Schematic of the simulation geometry for different Bond numbers and the
same Reynolds number based on the shape of droplets at the time step before
collision in the previous simulation with a fixed Bond number.

A. Effect of Reynolds number

The Reynolds number of the impact droplet is calculated based
on the velocity at the time step before collision. The Reynolds
number is calculated as

Re="—, 9)

where p is the density and u is defined to be the average velocity of
the droplet; L is the characteristic size of the droplet; in this case, the
droplet in the microchannel moves as a slug. Instead of using the
droplet diameter in calculating the Reynolds number,'® the charac-
teristic size is set as the width of the slug, which is the same as the
characteristic length of the microchannel.

The Reynolds number Re has notable influence on the droplet
motion. In the microchannel, the droplet velocity close to the wall
is smaller than in the center, which means the center of the droplet
has a larger displacement than the margin fluid. Figure 6 shows the
moving-droplet shapes corresponding to different Reynolds num-
bers. When Re is 170, it is the deformation of the droplet is uncon-
spicuous. However, as Re increases, the droplet has a forward bulge
at the front and a concavity at the rear. The bulge changes slightly at
higher Re, while the concavity becomes much deeper as Re increases
from 530 to 850, and the droplet becomes extended at high Re. At
very high Re, the droplet will become unstable and will burst from
the concave bottom.

To avoid bursting and large deformations, Re is not set too large
in the collision simulations. As shown in Fig. 7, the Reynolds num-
bers of the two conditions are very similar, but the distributions are
quite different. In the collision process, a resilient part is formed,
and this moves into the air vent before the final calming down. If
the Reynolds number were too large, the rebound part may separate

(a) Re=170 (b) Re =530
(c) Re=1710 (d) Re =850

FIG. 6. Shape of moving droplet in channel at different Re. In the channel, the
velocity near the wall is slower than in the center. This difference is enhanced at
higher Re.
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(a) Re =254 (b) Re =262
(c) Re =254 (d) Re =262

FIG. 7. Similar Re values before the first collision cause two totally different distri-
butions corresponding to Bo = 1.6050. Re = 254 in (a) and (c), whereas Re = 262
in (b) and (d). (a) and (b) show the rebound part of the mixed droplet after collision.
(c) and (d) show the final distribution of the two droplets after their collision.

from the mixed droplet, and the separated part would finally drop
and cause another collision. This would make the distribution quite
different. Thus, the Reynolds number is set to be less than the value
that causes this separated resilient part.

As Re is low enough to avoid the second collision, the dis-
tribution shown in Fig. 8 can be obtained. Corresponding to Re
=62.97, droplet B surrounds droplet A with a simple interface. As Re
increases, droplet A extends within the mixed droplet. Correspond-
ing to Re larger than 159.74, droplet A extends two branches and
rolls. Corresponding to Re = 240.22, the interface becomes rougher
than the case of Re = 224.54. The distribution is more chaotic at
larger values of the Reynolds number.

The maximal pressure in the collision process is shown in Fig. 9,
where the maximal pressure increases rapidly at the start and then
quickly drops in the collision progress. The maximum pressure is
higher corresponding to larger Re, which indicates that large Re
is related to high-pressure collisions. After the collision, the max-
imal pressure reaches a constant value. Bo is fixed in this simula-
tion, and the final maximal pressures are independent of Re, where
the pressure value is taken at the maximal radial position of the
microchannel.

In terms of the evaluation index, Fig. 10 shows the interface
extension rate. From Fig. 10, it can be concluded that increase Re
is helpful for extending the interface, with an extension factor of
3.214 at Re = 62.79 raising to 5.31 at Re = 261.16. These values
show that larger Re makes the mixing action (i.e., moving and rotat-
ing) more acute, and these motions stir the droplets and stretch the
interface.

The second index, the deviation of barycenters, is shown in
Fig. 11. Because of the geometry of the microchannel, the deviation
of barycenters in the x direction (radial direction) is actually lager
than the deviation in the y direction (circumferential direction). The
deviation in the y direction, dy, increases slightly when Re is larger
than 120, but is quite small compared with the deviation in the x
direction. The deviation distance d and the deviation in the x direc-
tion, dx, do not exhibit any change when Re is smaller than 120, but
as Re increases, dy decreases to almost half the value at Re = 63. For
larger Reynolds numbers, the barycenters of the original droplets are
close to the barycenter of the whole mixed droplet, meaning that the
distribution at high Re is more balanced. Similar to the extension
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(a) Re=62.97 (b) Re =89.79 %
S 4000
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(c) Re =119.90 (d) Re =159.74 .
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FIG. 9. Maximal pressure in the mixing process for a fixed Bo. Lager Re corre-
sponds to larger velocity, which makes the collision occur earlier. The maximal
pressure is prone to be around the bottom of the mixing chamber which has the
maximal rotating radius; however, the position of maximal pressure is changing in
the collision process.
(e) Re =194.25 (f) Re =224.54 centrifugal forces can be considered as artificial gravitational forces

acting on the flow. The Bond number in the centrifugal microfluidic
platform can be calculated as

Apw*RIL?
Bo= 2PV L

o

(10)

where Ap is the density difference of liquid and gaseous phases; w
is the rotational speed of the centrifugal platform; R is the radius of
gyration of one point; L is the characteristic length (the characteris-
tic length of a droplet is its radius); and o is the surface tension. In
FIG. 8. Distributions of droplets at different Re and fixed Bo = 0.5778. As the attempting to fix Re while varying Bo, it is challenging to control the
droplet moves in the mixing tube with a velocity of 0, Re increases to 62.97 before

the collision. When Re is less than 240.22, the droplet will not separate after the
first collision. 55

(2) Re =240.22

rate, a larger Reynolds number can improve the mixing performance 5
during the droplet collision process.
When Re is too large, droplet A may burst before collision,
which may even affect droplet B. In Fig. 12, the deep concavity causes 45
the droplet to burst, resulting in a new collision. Furthermore, this
separated part may directly move into the vent channel if its mass is
low enough. Moreover, speedy droplets can press the air, deforming 4
droplet B. In this situation, the final distributions are very compli-
cated and it is difficult to determine whether the large Re or the burst
droplet affect the collision more significantly. 35
The Reynolds number can directly affect the distribution, with
larger Re leading to more chaotic and balanced distributions while
making the interface rougher. Larger values of Re can even make the ‘ ‘
collision process more complicated. 100 150 200 250

B. Effect of Bond humber Re
FIG. 10. Extension rate of the interface between the original droplets in the mixed

The Bond number is a dimensionless parameter reflecting grav-

itational forces and surface tension. In the centrifugal platform, the clingheio dligm i e,
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FIG. 11. Deviation of barycenters: average distance between the original droplets’
barycenters and the mixed droplet barycenter for different Re.
velocity in the centrifugal platform. To keep the Re to be invariant, (€) Bo=23111 () Bo=3.1457

droplet A must be positioned near to droplet B with a low velocity
because the droplet shape is barely affected at low Re.

The distributions at different values of Bo with a fixed Re are
quite different, as shown in Fig. 13. These distributions may appear
similar but have different details. In the distributions, it can deduce
that droplet A hits droplet B and rolls. A small part of the droplet B
rolls into the center of the mixed droplet, and this small part main-
tains contact with the original droplet through a long tail. The tail
becomes slenderer and exhibits more acute rotation as Bo increases.
For such observation, because the pressure of the static droplet is FIG. 13. Distributions of droplets at different Bo for fixed Re = 150.
high in the condition of large Bond number, fluid diffusion is not

() Bo=4.1087

efficient and the velocity of droplet decrease quickly. However, to
release the kinetic energy, the droplet moves toward the low pres-
sure region which is around the original position of the moving
droplet.

In centrifugal microfluidics, a larger value of Bo corresponds
to larger artificial gravity and stronger external force. According to
(a) the Navier—Stokes equation, stronger external force produces higher

pressure, which is shown in Eq. (1). As shown in Fig. 14, the first
peaks of the maximal pressure indicate the collision. At larger val-
ues of the Bond number, the pressure in the collision is higher.
Moreover, the maximal pressure at larger Bond numbers remains
higher throughout the collision and mixing process in the same
time step. The higher pressure means that the liquid is less likely to
diffuse.

Figure 15 shows the interface extension rate at different values
of Bo. There is little difference in the interface extension rate. When
(b) Bo is less than 0.5778 or greater than 1.0272, the interface extension
rates do not change, as shown in Fig. 13. However, for Bo in the
range 0.5778-1.0272, the index raises and the distribution becomes
more complicated. The changes in the extension rate are caused by
the long tail in the rolled part of the droplet.

FIG. 12. (a) In this situation, Re is greater than 800 and Bo = 3.515. The dis-
torted droplet bursts into serval pieces when it moves into the wider channel.
(b) Distribution of original droplets in the mixed droplet.
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FIG. 14. Maximal pressure in the mixing process for a fixed Re = 150.

The deviation in the barycenters in Fig. 16 shows a clear ten-
dency with respect to Bo. The deviation in the y direction, d,, is
larger under high Bond numbers, increasing by a factor of almost
ten, from Bo = 0.5778 to Bo = 4.1087. The deviation in the x
direction, dx, decreases as Bo increases. As a result, the general
barycenter deviation d remains almost constant. This is because
that a larger Bond number corresponds to larger artificial gravita-
tional acceleration and a larger volume force, which creates higher
pressure according to Eq. (8). This higher pressure restrains the
movement in the y direction, forcing droplet A to move in the x
direction.

Based on the above results, the Bond number does not affect the
collision directly, but larger Bond numbers make it more difficult for

5.5

4.5 ]

3.5 ]

FIG. 15. Extension rate of the interface between the original droplets and the mixed
droplet for different Bo.
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FIG. 16. Deviation of barycenters: average distance between the original droplets’
barycenters and the mixed droplet barycenter for different Bo.

the droplet to move. As one droplet impacts another in the x direc-
tion, the larger Bond number makes it be difficult for the droplet to
move and diffuse in the y direction. Thus, the moving droplet has
to roll to release its kinetic energy, which makes the tail longer and
produces more acute rotation.

IV. CONCLUSIONS

We have described a model for droplet collision in centrifugal
microfluidics and studied the distribution of the original droplets
in the mixed droplet after collision under various conditions. The
Reynolds number and Bond number were set by controlling the
rotational speed and the velocity of collision. The interface exten-
sion rate and the deviation of barycenters were used to evaluate
the strength of advection and mixing performance. The simulation
results show that large Reynolds numbers can cause powerful col-
lisions and unstable droplets, leading to chaotic distributions. As
shown in this paper, the interface extension rate and the deviation
of barycenters exhibit obvious changes when Re is larger than 120.
This indicates that larger Re is related to a longer mixing inter-
face and more uniform distribution, which signifies better mixing
performance. Larger values of Bo make diffusion be more diffi-
cult, but can produce more rotation, which stretches the mixing
interface. When Bo is approximately 1, the interface extension rate
reaches a maximum and the deviation of barycenters approaches a
minimum. In summary, to produce an even distribution or better
mixing performance, the system should have higher Re to ensure
a violent collision. Choosing a suitable Bo aids diffusion and pro-
duces a longer mixing interface. Suitable values of the Reynolds
number and Bond number can help centrifugal microfluidic sys-
tems to attain their expected performance. This current research
mainly focuses on two dimensional case, and the volume effects
and experimental investigations will be further implemented in the
future.
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