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Based on the volume of fluid (VOF) method, we conduct a numerical simulation to study the hydrodynamic binary
coalescence of droplets under air flow in a hydrophobic rectangular microchannel. Two distinct regimes, coalescence
followed by sliding motion and that followed by detaching motion, are identified and discussed. Additionally, the detailed
hydrodynamic information behind the binary coalescence is provided, based on which a dynamic mechanical analysis is
conducted to reveal the hydrodynamic mechanisms underlying these two regimes. The simulation results indicate that the
sliding motion of droplets is driven by the drag force and restrained by the adhesion force induced by the interfacial tension
along the main flow direction. The detachment (i.e., upward motion) of the droplet is driven by the lift force associated
with an aerodynamic lifting pressure difference imposed on the coalescent droplet, and also restrained by the adhesion force
perpendicular to the main flow direction. Especially, the lift force is mainly induced by an aerodynamic lifting pressure
difference imposed on the coalescent droplet. Two typical regimes can be quantitatively recognized by a regime diagram
depending on Re and We. The higher Re and We respectively lead to relatively larger lift forces and smaller adhesion forces
acting on the droplet, both of which are helpful to detachment of the coalesced droplet.

Keywords: droplet, coalescence, sliding, detachment, microchannel

PACS: 47.55.df, 47.55.np, 68.03.—g, 68.08.—p

1. Introduction

The dynamic behavior of droplets driven under air flow on
the substrate of microchannel, including deformation, move-
ment, coalescence, detachment, and breakup,[l’zl are om-
nipresent in real applications, such as phase extraction,t!
oil recovery,[*! the removal of grease in detergency,>® and
water management in proton exchange membrane fuel cell
(PEMFC).U"-%1 In particular, the coalescence of droplets and
the following dynamic behaviors of the coalescent droplet,
during which the morphology and area of the interface as well
as the mixing strength change obviously, play an important
role in the performance of the real applications. For example,
in the water management of the PEMFC, droplet coalescence
and the following behaviors (such as sliding and detaching)
under the external flow are the typical phenomena during the
removal of water in the cathode flow microchannel,['%! which
have an obvious influence on efficiency and lifetime of the
PEMFC. Therefore, the investigation of the hydrodynamics
underlying the droplet coalescence and the following behav-
ior in a microchannel under the external flow is significant for
understanding and optimizing the above-mentioned real pro-
cesses.

DOI: 10.1088/1674-1056/28/2/024702

Up to now, several experiments based on high-speed vi-
sualization systems have been conducted to intuitively observe
the dynamic behavior of a single droplet on the substrate in a
microchannel under imposed shear or convection.!!!=131 The
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effects of confinement,!'>!%1 microchannel shape,!
rate,['81 droplet volume,[!?! and droplet viscosity!'”! on the
dynamic behavior have been investigated. It has been demon-
strated by Vananroye e al.!'»1°] that a single droplet with
a given size is able to detach from the substrate of the mi-
crochannel if the capillary number of gas flow reaches a criti-
cal value which depends on the confinement degree of the mi-
crochannel. Akhtar et al.!'¥ found that a tapered microchan-
nel is beneficial for droplets to detach from the microchannel
substrate because gas flow velocity increases along the taper-
ing geometry. Furthermore, they demonstrated that the use of
a hydrophilic gas diffusion layer is able to enhance the effect
of the tapering microchannel on the droplet exhausting. In ad-
dition, it was also proved that decreasing the viscosity and vol-
ume of the droplet contributes to droplet sliding and detaching
in a microchannel.[!3]

Apart from experimental investigations, theoretical anal-
ysis and numerical simulations have also been performed to
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reveal the underlying physics of droplet behavior under ex-

20211 Recently, two- and three-

ternal flow in a microchannel. !
dimensional numerical simulations have been carried out to
study the deformation, 22-251 pinch-off,[%m] and detachment
of a single droplet'>?8! in the shear flow. For example, Cho
et al.®? found that the dynamic behaviors of the droplets
are governed by competition among the drag force, retentive
force, lifting force, and body forces (gravity, buoyancy force,
etc.). The numerical study by Gupta et al.!*! indicated that
the deformation of the droplet is intensified with increasing
capillary number, Reynolds number, and droplet size. More-
over, Kang et al.®" investigated the motions of an immiscible
droplet subjected to the continuous phase under gravity. The
results showed that the displacement of the droplet is affected
not only by the contact angle, Bond number, and droplet size,
but also by the density and viscosity ratios of the droplet to the
continuous phase. Moreover, the droplet can be detached from
the microchannel substrate more easily under smaller body
forces.

In summary, the dynamic behavior of a droplet adhered
to the substrate of a micro-channel have attracted great at-
tention during the past decades. However, the majority of
the available studies focus on the individual dynamics of a
single droplet with no interaction with others. However, it
must be pointed out that, in the real applications, the interac-
tion between droplets under the external fluid is also common.
For instance, Chen er al.[3!] observed the coalescence of two
droplets in a microchannel, after which the surface energy is

=

1st droplet 2nd droplet coalescent droplet

released and the coalescent droplet undergoes an oscillation
process. Nevertheless, the efforts dedicated to exploring the
coalescing process and especially the following dynamic be-
haviors of the coalescent droplet under the external flow in
a microchannel are still limited. In particular, the hydrody-
namics underlying the droplets coalescing and the following
motion still needs to be fully understood. In this context, we
performed a three-dimensional numerical simulation to inves-
tigate the binary coalescence of droplets under air flow in a hy-
drophobic microchannel. Accordingly, the droplets coalescing
and the following dynamic behavior of the coalescent droplet
is analyzed, and the corresponding underlying hydrodynamics
is clarified.

2. Mathematical model

As shown in Fig. 1, in order to investigate the hydrody-
namic binary coalescence of droplets under air flow in a hy-
drophobic microchannel, a three-dimensional rectangular mi-
crochannel with a length of 2000 pm and square cross-section
100 pm x 100 wm is chosen as the computational domain.
Two stationary water droplets with an equal initial radius of
12.5 um are initially patched in the center line on the substrate
of the microchannel along the x direction. The initial center
distance between these two droplets is Ad = 50 pm, and the
initial distance between the microchannel inlet and the center
of the upstream droplet is /[y = 300 um. Under the air flow in a
microchannel, two droplets experience sliding, coalescing and
the following dynamic behavior are discussed later.

Fig. 1. Schematic diagram of the computational domain.

Table 1. Geometry parameters of the computational domain.

L/ym b/um h/um lo/um Ad/um R/um D/um 6/(°)
2000 100 100 300 50 125 100 150

2.1. Governing equations

Considering the Knudsen number in the current study,
Kn=A/D=6.11 x10~* (where A is the mean free path of the
air molecule, and D is the microchannel’s hydraulic diameter
in this study), is much smaller than 0.001,3?! the air flow in the
current study can be regarded as the continuous flow. Herein,
in order to numerically represent the temporal and spatial evo-

lutions of gas-liquid interface, a three-dimensional unsteady
numerical model is established based on the volume of fluid
(VOF) method, treating the droplets and external continuous
phases as incompressible fluids. The volume fraction of phase
in each cell is represented by the volume fraction «; the total
volume fractions of all phases in the computational domain are
equal to unity, i.e.,

oy+o=1. @))]

In a gas-liquid two-phase flow, in regard to the volume
fraction of the liquid phase ¢;, and the volume fraction of the
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gas phase o, there are three following possible conditions:

o =1, cell is filled with liquid phase;
0< oy <1, cellis partially filled with liquid phase;  (2)
o =0, cell is filled with gas phase.

Furthermore, in order to track the gas-liquid interface in
the computational domain, the volume fractions of liquid and
gas can be respectively described as

a0
aTlJ“”'VO“:O’ 3)
ao,
8—f+v-Vag:0. (4)

Assuming that the current process occurs under a fixed
temperature of 20 °C with no heat transfer, the continuity and
momentum governing equations>33 of the gas—liquid two-
phase flow are correspondingly given by Egs. (5) and (6)

V.u=0, (5)
p (?; +V~(m;)) = —Vp4+V-[u(Vv+ WD)
+P9+Fvol’ (6)

where v is the velocity vector, p is the mixture density (given
by Eq. (7)), p is pressure, U is the mixture viscosity (given by
Eq. (8)), g is gravitational acceleration, and F,, is the body
face representing the interfacial tension.

The material properties (e.g., density and viscosity) in
each cell are defined as a function of the local phase fraction

p = 04p;+ Py, (7N
W= 0gll + Olg g 3
The continuum surface force (CSF) model proposed by
Brackbill e al.37! is adopted to calculate interfacial tension.
The interfacial tension in the CSF model is regarded as a body
force in Eq. (6), which can be calculated by
KV,
o PKeV%

Here, o is the interfacial tension coefficient, V@ is the normal

Fvol = (9)

to the interface, and k; is the free interface curvature, which
can be defined as

—(V-ﬁ)zM(@-V)In—(V-nﬂ, (10)

A= n=Va, (11)
n

2.2. Boundary conditions

The following boundary conditions for the computa-

tional domain shown in Fig. 1 are applied for the present

simulations. 28]

The fluid mass flux at the inlet is specified using a profile
for a fully developed flow through a microchannel.’8 At the
outlet, the continuous flow is also fully developed

@:o, I . (12)
dy

u
=0
) 8z

d
x=2000 um, —
ox
The no-slip condition is applied to the contact area be-

tween the fluid and the wall
ur:vr:wF:O. (13)

In conjunction with the no-slip condition, the equilibrium
contact angle 0, between the interface and the wall 137 within
the framework of the CSF model, is implemented to estimate
the effects of wall wettability and adhesion on the fluid inter-

face contacting with the wall in equilibrium.?*~*!] The normal
to the interface on the wall is represented as
A = Ay cos O + 1y, sin B, (14)

where 7y, is the unit normal vector and £, is the tangential vec-
tor to the wall. The local curvature of the surface on the wall
is determined by combining the contact angle with the calcu-
lated surface normal away from the wall, and the body force
term for the interfacial tension is calculated by using this cur-
vature.

2.3. Numerical solution method

By using the control volume finite-difference method,
the equations of continuity, momentum, and volume fraction
along with the boundary conditions above are numerically
solved. The fluid flow in a microchannel is simulated by im-
plementing a laminar model because the Reynolds number of
all cases simulated is below 400.[4?l The momentum equa-
tion is discretized using the second-order upwind scheme and
the volume fraction equation is solved by the explicit scheme.
The body force weighted scheme is implemented as the pres-
sure interpolation scheme, and the semi-implicit method for
pressure linked equations (SIMPLE) algorithm is used for the
pressure-velocity coupling. The piecewise linear interface cal-
culation (PLIC)*3 method is applied to reconstruct the gas—
liquid interface profile.

In the current simulation, a fixed time step of 1 x 10°°s
is used for 200 time steps at first to refine the profile of orig-
inal patched droplets. Then, according to the real working
condition and computational convergence, the time steps of
5x 1076 s—5 x 107> s are used to guarantee numerical con-
vergence. By adopting successive under-relaxation to improve
the numerical convergence, the Gauss—Seidel iterative method
coupled with an algebraic multigrid (AMG) method is used to
solve the resulting algebraic equations. The under-relaxation
factors implemented in the simulation for pressure, density,
body force, and momentum are set to be 0.3.
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2.4. Grid sensitivity test

Before the formal numerical simulation, a grid sensitiv-
ity test is conducted. Take one case in the present work as
an example, figure 2 compares the steady contours of a slid-
ing droplet after binary coalescence under air flow in a mi-
As indi-
cated, the contour of the deformed sliding droplet converges

crochannel, using four different mesh resolutions.

with the increase of the cells. In particular, the droplet defor-
mation contour changes little when the cell number is larger
than 6.0 x 10°. Taking both the computational efficiency and
accuracy, the computational grid with 6.0 x 10° cells is used
in the current numerical simulation.

g X

4.6X10° cells

6.0X105 cells
7.7X105 cells,

Fig. 2. Contours of the deformed sliding droplet after binary coales-
cence under different cell numbers (Re = 185, Ca = 0.006713, and
ug =27 m/s).

2.5. Model validation

To verify that the present mathematical model is rea-
sonable, we use the current model to simulate a typical ex-
perimental case by Seevaratnam et al.!'>) and compare the
numerical and the experimental results. The same parameters

as the experiment, including droplet size, surface wettability,

-~ 2 9. Q. O
numer-ﬂuj@@ o

I A\
t=0 t=294 ms t=1033 ms t=1043 ms t=1052 ms

—--— simulation-advancing CL

simulation-recceding CL

0 experiment-advancing CLI[!5]
_ ® experiment-recceding (IJLUS]
70 200 400 600 800 1000 1200
t/ms

Fig. 3. Comparison of the experiment data!'>! and present numerical re-
sults on the deforming and detaching processes of a single droplet under
air flow (Ca = 0.0056): (a) evolution of droplet contours; (b) evolution
of the advancing and receding contact lines.

and contact angle, are used in the model validation. Figure 3
compares the current numerical results with the experimental
data obtained in the deforming and detaching processes of a
single droplet under air flow. As shown in Fig. 3(a), the time-
dependent images are in good agreement with the experimen-
tal data. Furthermore, figure 3(b) also compares the numeri-
cal results and experimental data on the temporal contact line
(CL) evolution, which indicates that the average relative de-
viation between numerical and experimental results is 5.2%.
These positive agreements between experimental data and nu-
merical results verify that the present mathematical model is
reliable.

3. Results and discussion

In this study, we focus on the evolution of coalescing and
the subsequent behaviors of two droplets under air flow in a
hydrophobic microchannel with a contact angle of 150°. Wa-
ter and air, with a density of 998.2 kg/m? and 1.225 kg/m?,
and viscosity of 1.003 x 1073 kg/m-s and 1.79 x 1073 kg/m-s,
are used as the droplet’s fluid and continuous phases in the
present calculations. The interfacial tension between them is
0.072 N/m. Two regimes, sliding after droplet coalescence and
detaching after droplet coalescence, are obtained under differ-
ent conditions.

3.1. Forces acting on the droplet

In the presence of the air flow, the droplets adhering to
the microchannel wall undergo three kinds of force, i.e., hy-
The hy-
drodynamic force acting on a droplet is induced by viscous

drodynamic force, interfacial tension, and gravity.

stress and pressure gradient arising from air flow, which can
be decomposed into the drag force Fp along the flow direction
and the lift force Fj, in the direction of the surface normal, as
shown in Fig. 4. The corresponding calculating formulas of
Fp and Fy are determined by integrating the pressure p and
viscous stresses T over the droplet surface S:

Fo=Fo,+Fo, = ex- /—pends+/n-rds L (15)

FL=F,+F,=e /—pe,,dS—i—/n-TdS . (16)
s s
where e, and e; are unit vectors in the x and z directions, re-
spectively, and n denotes the unit normal vector to the surface
of adroplet. The first term is the pressure force, and the second
term is the viscous force. Notably, analytically speaking, Fp
and Fj, are both positively correlated with the hydrodynamic
inertia of the external air flow.

In previous studies, the interfacial tension acting on a

droplet produces the adhesion force F}, which originates from
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the molecular interaction between the droplet and solid wall.
This adhesion force opposes the droplet motion driven by the
air flow. As shown in Fig. 4, the component forces, F} , and
F, ; resist against the droplet sliding and vertical motions, re-
spectively. As stated in Ref. [44], the adhesion force is deter-
mined by interfacial tension, contact angles, and the geometric
shape of the contact line. In theory, the calculating formula
of the adhesion force can be given by integrating the interfa-
cial tension acting in the direction of the local contact angle
around the three-phase contact line.[**! However, in practice,
it is difficult to accurately determine the direction of the local
contact angle according to the numerical simulation results.
Although some theoretical predictions are utilized to obtain
the tangential (x direction) and normal (z direction) compo-
nent forces, i.e., F,, and F, ;, by means of different simpli-
fied contact angle models, "-??! these models are still waiting
to be verified. In this context, the adhesion force will not be
quantitatively characterized in this study. However, it has been
well acknowledged that the value of F}, is positively correlated
with interfacial tension and contact area between droplet and

substrate. [44]

Fig. 4. Schematic diagram of the forces acting on a liquid droplet under
the external flow on a hydrophobic wall.

The third kind of force acting on the droplet is gravity
F. For a droplet on the substrate under air flow, the gravita-
tional effect depends on Bond number, Bo = 4(p;, — py)gR?/ 0,
which characterizes the ratio of gravity to interfacial tension.
Herein, bond number with the magnitude of 10~ is much less
than unity. It implies that, in our study, gravity has little ef-
fect on the dynamic behavior of droplets with respect to the
interfacial tension.

The force analysis reveals that the hydrodynamic force
and interfacial tension are key factors for droplet motion under
air flow. When the hydrodynamic force overcomes the adhe-
sion force induced by interfacial tension and the low gravity,
the droplet would slide on the substrate (| Fp| > | F,«|) or even
totally lift off (| FL| > | Fa.| +|FGl).

To investigate the effects of the hydrodynamic force and

interfacial tension, two corresponding dimensionless param-

eters are introduced, i.e., Weber number (We) and Reynolds

45,46

number (Re).[*>4% The Weber number characterizes the ratio

of inertial force to interfacial tension, which is defined as
2
_ Pgugd

W 17
e o a7

where pg is the air density, u, is the velocity of air, d denotes
the diameter of droplet, and o denotes the interfacial tension
coefficient. The Reynolds number characterizes the ratio of
inertial force to viscous force

D
Re = PeeZ (18)

Mg

where L, is the air viscosity and D is the microchannel’s hy-

draulic diameter.

3.2. Droplet coalescence followed by sliding motion
3.2.1. Dynamic behavior of droplet coalescence fol-
lowed by sliding motion

When Re and We are relatively small, the coalescent
droplet slides towards the outlet of microchannel afterwards,
as shown in Fig. 5, which presents the temporal evolution of
hydrodynamic information during the coalescence process fol-
lowed by the sliding motion. It can be seen from Fig. 5(a) that,
when the drag force overcomes the tangential (x direction)
component of adhesion force, i.e., |Fp| > | F,

, the droplets
start to slide along the substrate of the microchannel towards
the outlet. Due to the shelter of the upstream droplet (first
droplet), the downstream droplet is subjected to the wake zone
of the upstream one, and thus undergoes smaller drag force
from the air stream. Therefore, the downstream droplet gets
a lower sliding speed than the upstream one. As a result, the
upstream droplet gradually catches up with the downstream
one until coalescence occurs. After coalescence, the merged
droplet continues to slide downstream to the microchannel
outlet, accompanied by the gradually decaying oscillation of
its profile. Finally, it moves at a constant speed and achieves a
steady shape slightly tilted to the microchannel outlet.

The detailed velocity fields and pressure contours from
the front view and top view during coalescence and sliding
motion are presented in Fig. 5(b). As shown in Fig. 5(b), at# 1,
droplets begin to contact with each other and a liquid bridge
forms between them. The pressure in the liquid bridge at £
is lower than the pressure in both ends of the dumbbell-shaped
coalescent droplet, as shown in Fig. 5(b) II and IV. Accord-
ingly, liquid from the ends flows into the liquid bridge under
the pressure difference. Due to gradual exhaustion of surface
energy released during the coalescence process, the coalescent
droplet then undergoes a damped oscillation process. As the
oscillation terminates, the shape and movement speed of the
coalescent droplet gradually reach steady, implying that a bal-

ance occurs between Fp and F, x, as shown at ;¢ in Fig. 5.
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Fig. 5. Spatiotemporal evolution of the droplet’s coalescence followed by sliding motion ( Re = 185, We = 1.242): (a) evolution of
the motion; (b) evolution of the velocity field and pressure contours at the cross-section of y = 50 pum.

3.2.2. Dynamic mechanical analysis of droplet coales-
cence followed by sliding motion

In order to further understand the dynamic behavior of
droplet coalescence followed by sliding motion, the quanti-
tative evolutions of droplet velocity along the main flow di-
rection, the droplet-wall contact area, as well as drag and lift
forces on the droplet are presented and discussed in this sec-
tion.

As a significant concept in kinematics, the evolution of
droplet sliding velocity along the main flow direction is pre-
sented in Fig. 6. In the beginning, two droplets accelerate
from rest under air flow. As mentioned above, due to the
shelter of the upstream droplet (first droplet), the downstream
droplet (second droplet) moves more slowly. Consequently,

the first droplet gradually catches up with the second droplet.
At the moment of ¢ 1, the two droplets make contact and merge
with each other. Then the merged droplet rapidly accelerates
with the shape oscillation until the moment #, 4 (see Figs. 5(a)
and 6). After this moment, the sliding velocity of the droplet
slowly increases to a constant value. This implies that the
forces applied on the droplet reach balance.

Based on the force analysis in Subsection 3.1, the slid-
ing motion of a droplet is driven by the drag force from the
air. Accordingly, based on Eq. (6), figure 7 provides the cor-
responding evolution of drag force acting on the droplets. As
shown, from the initial time to # 1, the drag force acting on
each droplet goes down. This is because the acceleration of
the droplet reduces the speed difference between the droplets
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and mainstream. Note that, due to the shelter of the up-
stream droplet, the drag force acting on the second droplet is
smaller than that of the first droplet, which is consistent with
the greater acceleration of the first droplet than the second one
shown in Fig. 6 before #; 1. During the stage from #;; to #; 4,
the merged droplet experiences a shape oscillation process and
thus induces the oscillatory evolution of the drag force. After
the moment of # 4, the influence of the shape oscillation de-
cays with time. At the final stage, the drag force acting on the
coalescent droplet reaches a steady state. Especially, owing to
the bigger windward area, the coalescent droplet gets larger
drag force than the droplets before the coalescence.

12 F T T T T T T T T

10k —=a— 1st droplet
—=e— 2nd droplet

g} —~A— coalesced droplet

‘({; 4
E 6r ts,5
5 ts,3 T
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Fig. 6. Evolution of the sliding velocity of droplet along the main flow
direction (Re = 185, We = 1.242).
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Fig. 7. Evolution of the drag force acting on the droplets (Re = 185,
We = 1.242).

Except for the drag force for driving the droplet move-
ment in the x direction, the applied forces acting in the z di-
rection is another important factor that governs the subsequent
lift motion after the droplet coalescence. Herein, the evolu-
tions of the droplet barycenter motion in the z direction and the
droplet—wall contact area are taken as key parameters to affect
the droplet lift motion, which are closely related to the adhe-
sion and lift forces on the droplet. As shown in Fig. 8(a), the
droplet—wall contact area A slightly varies before two droplets
coalesce. At the initial merging stage, the contact area of the
merged droplet with the substrate is double that of the droplets
before the coalescence at #; 1. After that, the contact area fluc-
tuates sharply with the oscillation of the merged droplet from

fs,1 10 fs4. Particularly, around the moment of # = 0.1 ms,
the merged droplet mostly detaches from the wall twice at £, »
and #; 3. However, the lift force at these two moments cannot
overcome the adhesion force along the direction of the sub-
strate normal. Afterwards, the contact area increases sharply
quickly and reaches a steady value during the final steady slid-
ing motion. Figure 8(b) presents the evolutions of the droplet
barycenter motion in the z direction during the whole coales-
cence process. As indicated, the variation in the height of the
droplet barycenter is opposite to the contact area. Note that,
it also goes through a period of fluctuation from #; to f 4,
during which it exceeds the radius of the merged droplet for
a while corresponding to the periods around #» and £, 3 with
minimum contact area.
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Fig. 8. Evolutions of the droplet—wall contact area and droplet barycen-
ter motion in the z direction (Re = 185, We = 1.242).
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Fig. 9. Evolution of the lift force acting on the droplets (Re = 185,
We = 1.242).

In addition, the detailed evolution of the lift force pre-
sented in Fig. 9 provides a support to further understand
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droplet coalescence followed by sliding motion. It can be seen
that the lift force acting on the droplet is almost negative, ex-
cept for two moments at #; > and £ 3. This implies that in this
case, the lift force always resists the detachment of the droplet
other than #;> and ;3. But even if these distinctive positive
values correspond to the moments with the minimum contact
area in Fig. 8(a) (i.e., the minimum adhesion force in the z di-
rection), the positive lift forces are too small to produce the
detachment of the coalescent droplet.

3.3. Droplet coalescence followed by detachment of coales-
cent droplet

3.3.1. Dynamic behavior of droplet coalescence fol-
lowed by detaching motion

When Re and We are large, the coalescent droplet slides
only for a very short time and detaches from the substrate of

the microchannel afterwards, as shown in Fig. 10. It can be
seen that two droplets contact with each other and start merg-
ing at t31 = 0.050 ms. Then at 733 = 0.100 ms, the sliding
merged droplet begins to detach from the substrate. Note that,
at the contacting moment, the merging droplet experiences an
oscillation process, which leads to large deformation of the
droplet (see 74> = 0.070 ms). Especially, It can be seen from
the detachment at zq 3 = 0.100 ms that, owing to the near-wall
effect, the velocity of the air below the droplet is lower than
that around the merged droplet, especially than that at the top
of the droplet. Therefore, the static pressure below the droplet
near the microchannel bottom is higher than the other regions,
which produces an aerodynamic lifting pressure difference for

propelling the detachment of the merged droplet.
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Fig. 10. Spatiotemporal evolution of the droplets coalescence followed by detachment of coalescent droplet (Re = 185, We = 2.484): (a)
evolution of the motion; (b) evolution of the velocity field and pressure contours at the cross-section of y = 50 pum.

3.3.2. Dynamic mechanical analysis of droplet coales-
cence followed by detaching motion

Similar to the previous discussions, the quantitative evo-
lution of droplet velocity along the main flow direction, the
droplet-wall contact area, and the drag and lift forces act-
ing on the droplet are presented to understand the behavior
of droplets, especially during the detaching period.

Figure 11 presents the evolution of droplet velocity along
the main flow direction. Similar to the cases discussed in
Subsection 3.2, the droplet accelerates before and after co-
alescence under air flow. What makes it different is that

the merged droplet starts to detach from the substrate of the

microchannel at 733 = 0.100 ms. Afterwards, there exists
no adhesion force resisting the droplet movement along the
main flow direction. Therefore, the velocity of the merged
droplet increases monotonously after the droplet detachment
(see Fig. 11).

Figure 12 provides the evolution of the drag force act-
ing on the droplets. Before the detaching moment of 743 =
0.100 ms, the variations of the drag forces on two initial
droplets are similar to those discussed in Subsection 3.2. Nev-
ertheless, after the detaching moment, the drag force slightly
increases and then turns to a drop after 744 until it reaches

a steady value. As shown in Figs. 10(a) and 10(b) I, this

024702-8



Chin. Phys. B Vol. 28, No. 2 (2019) 024702

phenomenon is attributed to the droplet deformation, espe-
cially the change of droplet position in the main flow, which
leads to a different external flow state around the droplet.
In addition, the evolutions of the droplet—wall contact area
and droplet barycenter motion in the z direction are given in
Fig. 13. As shown in Fig. 13(a), after the contacting moment
at 141 = 0.050 ms, the droplet—wall contact area slightly in-
creases for a while and then goes down sharply until it is equal
to zero at t33 = 0.100 ms when the droplet lifts off. After
the detachment of the droplet at z33 = 0.100 ms, the droplet
barycenter rapidly rises (see Fig. 13(b)).
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Fig. 11. Evolution of sliding velocity of a droplet along the main flow
direction (Re = 185, We = 2.484).

2.0 T T T T T T - -
—=a— 1st droplet
—e— 2st droplet i
1.5 —a— coalesced droplet
% . td,4
~ d,3 A 7
8 Iy ‘A‘E‘Ax}m tds
2 1.0fF N | fhay
S LXi P .
?‘E I ta,1 1“ istart poi;:mé of“é
0.5 '..-.-::MA/ Edetachm?r%t
0 I i AN
0 0.05 t4,20.10 0.15 0.20 ta,60.25

t/ms
Fig. 12. Evolution of the drag force acting on the droplets (Re = 185,
We = 2.484).

In order to elucidate detachment of the merged droplet,
figure 14 presents the detailed variation of the lift force im-
posed on the droplet. As shown, the lift force remains negative
even before the detaching moment at 743 = 0.100 ms. Only
when the merged droplet starts to lift off, it changes to positive,
which contributes to the detachment of the droplet and the fol-
lowing upward motion. This phenomenon raises the question
of what drives the droplet lifting off at the start point of de-
tachment against adhesion force component in the z direction.
The reason should be the increment in the above-mentioned
aerodynamic lifting pressure difference for propelling the de-

tachment of the coalescent droplet.
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Fig. 13. Evolution of the droplet—-wall contact area and droplet barycen-
ter motion in the z direction (Re = 185, We = 2.484).
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Fig. 14. Evolution of the lift force acting on the droplets (Re = 185,
We =2.484).

3.4. Phase diagram of regimes

As mentioned above, the competition between the hydro-
dynamic force and interfacial tension mainly determines the
binary coalescence of droplets and the following behaviors
of the merged droplet, which can be synthetically character-
ized by Re and We. Therefore, based on the current numerical
results, figure 15 plots the regime distribution depending on
Re and We. As indicated in the figure, the detachment after
droplet coalescence tends to occur with higher We and Re. Ob-
viously, higher Re means greater inertial forces of the air flow,
i.e., greater hydrodynamic forces here, leading to larger lifting
forces acting on the droplet. In addition, larger We stands for
smaller interfacial tension with respect to the inertial forces,
which results in smaller adhesion forces to restrain the droplet.
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These factors both contribute to the detachment of the coales-
cent droplet.
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Fig. 15. Phase diagram of the regimes.

4. Conclusion

The hydrodynamic binary coalescence of droplets under
convection in a hydrophobic rectangular microchannel is stud-
ied using a numerical simulation based on the VOF method.
The temporal morphology and motion development during
and after the coalescence are presented. Additionally, detailed
hydrodynamic information behind the binary coalescence is
provided, based on which a dynamic mechanical analysis is
conducted to reveal the hydrodynamic mechanisms. The con-
clusions can be summarized as follows.

(i) Two distinct regimes, coalescence followed by sliding
motion and that followed by detaching motion, are identified
via the simulation.

(i1) Based on the dynamic mechanical analysis, the slid-
ing motion of a droplet is driven by the drag force and re-
strained by the adhesion force induced by the interfacial ten-
sion along the main flow direction. Similarly, the detachment
(i.e., upward motion) of a droplet is driven by the lift force
and also restrained by the adhesion force perpendicular to the
main flow direction. For coalescence followed by the sliding
motion, the lift force acting on the droplet is mostly negative,
which mainly resists the detachment of the droplet. While,
under coalescence followed by the detaching motion, the lift
force becomes positive and contributes to the detachment of
the droplet at the start point of droplet lifting off, which is at-
tributed to an aerodynamic lifting pressure difference imposed
on the coalescent droplet.

(iii) These two typical regimes can be quantitatively rec-
ognized by a regime diagram depending on Re and We. The
higher Re and We lead to relatively larger lift forces and
smaller adhesion forces on the droplet, respectively, both of
which are helpful to induce the detachment of the coalesced
droplet.

We believe that the current work and results will not only
contribute to fully understanding the hydrodynamics under-
lying the droplet coalescence and the following dynamic be-
haviors under the external flow in a microchannel, but also be

beneficial to the control and optimization of the real processes
associated with these phenomena.
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