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Abstract

The droplet motion in a microchannel with different contact angles, which is applicable to a typical proton exchange
membrane fuel cell (PEMFC), was studied numerically by solving the equations governing the conservation of mass
and momentum. The gas-liquid interface or droplet shape was determined by a level set method which was modified to
treat the static and dynamic contact angles. The matching conditions at the interface were accurately imposed by incor-
porating the ghost fluid approach based on a sharp-interface representation. Based on the numerical results, the droplet
dynamics including the sliding and detachment of droplets was found to depend significantly on the contact angle. Also,
the effects of inlet flow velocity, droplet size and side wall on the droplet motion were investigated.

Keywords: Contact angle; Droplet motion; Level set method; Microchannel

1. Introduction

Two-phase flow in a microchannel has received at-
tentions for various engineering applications, such as
PEMFCs, micro cooling devices and biomedical in-
struments. In this work, we focus on the air-water two-
phase flow in a gas channel of a PEMFC. It is directly
related to the water management problem, which is

essentially important for the performance of a PEMFC.

Despite a number of studies, the dynamics of water
droplets in a microchannel is still not well understood.
Recently, numerical simulations for further clarifying
the droplet dynamics have been performed.

Quan et al. [1] simulated the transport of water
droplets and films in an air flow channel of a PEMFC
using the volume-of-fluid (VOF) method implemented
in the FLUENT. In the VOF method, the gas-liquid
interface is tracked by the VOF function representing
the volume fraction of a particular phase in each cell.
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Their results show that the bend area of a U-shaped
channel affects significantly the deformation and dis-
tribution of water droplets and films. Subsequently,
Quan and Lai [2] included the effect of contact angle
in their numerical analysis of water management in the
air flow channel. In the VOF method, which requires
the determination (or reconstruction) of the interface
configuration from the volume fraction function, the
contact angle condition is not directly imposed on the
wall but is used to adjust the interface curvature near
the wall. Their study indicates that the hydrophilicity
of channel surface is an important factor in water
transport.

Cai et al. [3] also studied the mobility of water drop-
lets in a hydrophilic or hydrophobic microchannel
using the VOF method. They found that the removal
of water on a hydrophobic surface is faster than that on
a hydrophilic surface, and a combination of a hydro-
philic side wall with a hydrophobic bottom wall can
avoid water accumulation on the bottom surface.

Theodorakakos et al. [4] investigated the detach-
ment process of water droplets from solid surfaces.
Incorporating a more general contact angle model, to
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Account for the dynamic change between advancing
and receding contact angles during droplet motion,
into the VOF method, they predicted the droplet de-
tachment process from different channel surfaces.
However, the dynamic contact angle model is not
straightforward to properly implement in the VOF
method, which requires quite complicated geometric
calculations to reconstruct the interface configurations
satisfying the variable contact angle condition as well
as the volume fraction.

Very recently, Mukherjee and Kandlikar [5] con-
ducted a numerical analysis of the growth and depar-
ture of a water droplet in an air flow channel by using
the level set (LS) method [6]. In the method, the LS
function is defined as a signed distance from the inter-
face and is used for tracking the gas-liquid interface.
Since the distance function and its spatial derivatives
are smooth and continuous, the LS method can be
used to compute an interface curvature more accu-
rately than the VOF method using a step function.
Their method is based on diffuse-interface modeling,
in which the interface is treated as a transition region
smoothed over several grid spacings. Their simula-
tions were limited to the spreading motion of a droplet
before departing from the surface.

In this study, numerical simulations are performed
to further clarify the droplet motion in a microchannel.
The droplet shape is determined by the LS method
which is modified to treat the static and dynamic con-
tact angles. The matching conditions at the interface
are accurately imposed by incorporating the ghost
fluid approach based on a sharp-interface representa-
tion [7-10]. The effects of contact angle, inlet flow
velocity and droplet size on the droplet motion are
investigated. The interaction between droplets is also
included in the analysis.

2. Numerical analysis

The numerical approach is based on the LS formu-
lation modified by Son and Dhir [10] for a sharp-
interface representation. Fig. 1 shows the computa-
tional domain used in this study. The gas-liquid inter-
face is tracked by the LS function ¢ , which is defined
as a signed distance from the interface. The equations
governing the conservation of mass and momentum
for the gas-liquid region can be written as

Veu=0 (1)

,0%[;=—Vp+,0g—o7(V0(¢ VU Vut (Vu)'] ()

where
D _0,..
E—at+u V
Kk = V-(Vg/|Vg))
a, =1 if¢>0
=0 if¢g<o0

p = p,(1-F)+pk,
W= (A=F)+u'F,

Here, o, is the discontinuous step function and the
interface curvature x is evaluated by the smooth LS
function. The effective density o and viscosity u
are evaluated from a fraction function Fj, which is
defined as

F, = 1 if 0‘¢(¢A) = a¢(¢3) =1
=0 if a,(4,) = a,(d) =0
= max(gy, ¢5) otherwise

max (@,, @) —min(g,, @)

where the subscripts “A” and “B” denote the grid
points adjacent to the location where F; is evaluated,
as described in the references [9, 10].

In the level set formulation, the LS function ¢ is
advanced and reinitialized as

20— 3)
92— S(p,)0-[V9) @
where
5(4) = 0 if|o, <d,
- % Gtherwise ©®)

NCSTs

Here & is a grid spacing, ¢, is a solution of Eq. (3),
and d, is the distance between the interface and the
nearest grid point, as depicted in [11]. This formula-
tion of the sign function improves the mass-
conservation property of LS method significantly [11].
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Fig. 1. Computational domain.

To preserve mass conservation from any numerical
errors, the following volume-correction step is added
to the level set formulation:

2~ 0,1 ©)

where V), is the liquid volume that satisfies mass
conservation and ¥, is a liquid volume evaluated
form the computed LS function ¢ . The liquid volume

loss (V;, — V) is corrected by adjusting ¢ from Eq. (6).

The governing equations are spatially discretized on
a staggered grid system in which the velocity compo-
nents are defined at cell faces whereas the other de-
pendent variables at cell centers. A second-order es-
sentially nonoscillatory (ENO) scheme is used for the
convection terms and the distance function and a sec-
ond-order central difference scheme for the other
terms. While the governing equations are discretized
temporally, the convection and source terms are
treated by a first-order explicit scheme and the diffu-
sion terms by a fully implicit scheme. During the
computations, the time step Ar is chosen to prevent
the possible numerical instability caused by the CFL
condition and surface tension, as described in [9]:

3
At <0.5min| A |20
|u|”\ 87o

The boundary conditions used in this study are as
follows (refer to Fig. 1):
at the inlet (x =0),

_ =0 99 _
u=u,, v=w=0, a 0 @)
at the outlet (x =L ),
d
p=0, -9 _g ®)

atthewall (y =0,H or z=0,W ),
u=0, n,-Vg = cosg 9)

In Eq. (9), a contact angle ¢, formed on the gas-
liquid-solid interline (or contact line), is used to evalu-
ate the LS function at the wall. For real surfaces where
the contact angle varies dynamically between an ad-
vancing contact angle ¢, and a receding contact
angle ¢, , a dynamic contact model proposed by Fu-
kai et al. [12] is implemented in the LS method, as
done in our previous study [13]. As long as the contact
angle changes in the range of ¢, < ¢ < ¢,, the
contact line does not move. However, while the con-
tact line moves, the contact angle remains constant as
¢=¢, of =g, . This contact angle condition is
not easy to implement in the VOF method, especially
for ¢, < ¢ < @,, in which case the interface re-
construction from the VOF function has to be made
with the interface-wall contact line fixed. Its imple-
mentation into the LS method is straightforward as
follows:

1. Assume (d¢/0dt) =0 at the wall, which means

that the contact line is stationary, and then evalu-
ate a contact angle from Eq. (9),
Q= cos_l[nw -Vogl.

2. If 9. < ¢ < ¢@,, no further calculation is
required because the contact line is stationary
as assumed in step 1. Otherwise, set
@ =max{@,, min(g,, ¢)} since @=¢,  or
¢ = ¢, while the contact line moves.

3.Update ¢ from Eq. (9).

To prevent the droplet from escaping out of the
computational domain and to perform the computation
until the droplet motion attains a steady state, the do-
main is moved with droplet sliding velocity U. In this
case, D/Dt is rewritten as

£ :% L (u-Ui)-V
where the droplet sliding velocity in the x-direction is
obtained from the condition that the droplet should be
located at a specified position X, of the moving
computational domain. Eq. (3) is decomposed into two
fractional steps:

¢*_¢n ne no_
Lt =U) Ve =0 (10)

%—(U"” —UMi-V¢ =0 (11)
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Fig. 2. Droplet sliding velocities for different Weber numbers
(We).
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Fig. 3. Comparison of temporal variations of droplet spread
radius.

where
X jm@*)dV

Ut =y + 2L 2L X and X, = -
At J'a((p Ydv

3. Results and discussion

In presenting numerical results including figures, all
the dimensional variables are nondimensionalized by a
reference length /,, a reference velocity u, , and
their combination. The reference scales are determined
from the characteristics of each problem. Also, the
following dimensionless parameters are defined:

Re = Lo e = Pitols
4 g

First, to validate the LS formulation including a
dynamic contact angle model, the computations are
made for a droplet adhering to a vertical wall. We
choose the x-coordinate in the direction opposite to
that of the gravitational vector. For an ideal surface
with ¢, = ¢, , droplets of all sizes slide along the
vertical surface. For a non-ideal surface with ¢, # ¢, ,
the droplet maintains attached to the vertical surface
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Fig. 4. Effect of contact angle on droplet motion for u;,=3 and
V~0.0335.
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Fig. 5. Effect of contact angle on droplet sliding velocity for
u;=3 and V4=0.0335.

or slide down, depending on the droplet size, contact
angle hysteresis and surface tension. To make the
governing equations dimensionless, the droplet radius
is chosen for /, and \[g/, for u,. In the calcula-
tions, we use Re=10, pg/pr =107, ug /i =102,
9, =90, ¢, =60 and different values of We . The
computational domain is taken as a hexahedral cell
6 X 3 X 6. Initially a hemispherical droplet with a ra-
dius of 1 is placed on a vertical surface. The calcula-
tion is carried out until the droplet sliding velocity
attains an asymptotic value. The results are plotted in
Fig. 2. When the surface tension coefficient (or 1/We )
is small, the surface tension force cannot be balanced
with the gravitational force and hence the droplet
slides down. However, for 1/We>2.10, the droplet
becomes stationary. The critical value of We for the
droplet slide differs by less than 1% when compared
with the result obtained by Dimitrakopoulos and Hig-
don [14] using a spectral boundary-element method.
The LS formulation is also tested for droplet impact
on a horizontal surface. The droplet radius is used
for/, and the impact velocity for u, . Based on the
experiment of Chandra and Avedisian [15] for hep-
tane droplets falling on a steel plate, we chose
Re=122x10° , We=21 , po/p=176x10"° ,
U/ 1 =4.56x1072, @, = ¢, =32". The computation
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Fig. 6. Steady-state droplet shapes for different inlet flow velocities and contact angles: (a) =30" and (b) ¢ =90".
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Fig. 7. Effect of inlet flow velocity on the droplet shape and velocity field at z=0.5 for ¢=150".

is made in an axisymmetric computational domain of
5.12x5.12. Fig. 3 shows the temporal variation of
droplet spread radius. The present result is more
comparable to the experiment data [15] than the nu-
merical result of Bussmann et al. [16] using the VOF
method.

Now, the computations are performed for droplet
motion in a microchannel. The effect of gravity is
neglected for this case. The governing equations are
nondimensionalized by [, = Imm and u, = lnvs,
which are of the same order as channel size and inlet
air velocity used in the previous studies on PEMFCs
[1-4]. The computational domain is depicted in Fig. 1.
The parameters used in the calculations are Re =10°,
We=13.7, pe/pi=12x107, ug/u=1.78x1072.
The channel has a cross-section of 1x1 and a length of
8. During the computations, we use 4 =3.125x1072
and Ar=10". In this study, the computations are
made to investigate the effects of contact angle, inlet
air flow velocity, droplet size and side wall on the
droplet motion. As the base case, we choose an air
inlet velocity of u;,,= 3, a droplet volume of
v, = 0.0335 and the location of a droplet of x=4 and
7=0.5. Three different contact angles of ¢ =30", 90,

and 150 are used.

Fig. 4 shows the effect of contact angle on the drop-
let motion. The initial shape of a droplet in each case is
taken to be a truncated sphere that satisfies a specified
contact angle at the gas-liquid-solid interline while
keeping its volume constant. For ¢=30", the droplet
initially elongates due to the interfacial drag and then
it returns to nearly the original shape due to the restor-
ing force of surface tension. At steady state (¢#>10),
the droplet-wall contact area decreases as the contact
angle increases. The droplet sliding velocities for dif-
ferent contact angles are plotted in Fig. 5. As the drop-
let-wall contact area decreases with contact angle, the
droplet velocity increases. This indicates that a hydro-
phobic surface with a high contact angle is more effec-
tive for water removal than a hydrophilic surface with
a low contact angle.

To investigate the effect of inlet air flow velocity,
simulations are performed for u,, = 1.5 and 4.5. In
Fig. 6, the droplet shapes at steady state for ¢=30’
and ¢=90"are plotted with different air inlet veloci-
ties. When the inlet velocity is 1.5, the droplet moves
along the flow direction with slight change in its shape.
As the air velocity increases, the droplet shape be-
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comes oblate ellipsoidal from spherical and the drop-
let-wall contact area increases. Table 1 lists the steady-
state velocities and contact areas of sliding droplets
with different contact angles and air velocities. It is
found that the droplet-wall contact area increases as
the air inlet velocity increases. For ¢ =30, the ratio of
the droplet sliding velocity to the air inlet velocity,
U /u,, , increases with the air inlet velocity. However,
it decreases for a higher contact angle of ¢=90", in
which case the increase in the contact area with u
pronounced.

Figs. 7 and 8 show the effect of air velocity on drop-
let motion when the contact angle is increased up
to @ =150". As the air velocity increases, a wake region
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Fig. 8. Effect of inlet flow velocity on droplet motion for ¢=150":
(a) droplet sliding velocity and (b) droplet-wall contact area.

4

Fig. 9. Effect of droplet volume on droplet sliding velocity
for u;,=3 and =150".
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Table 1. Steady-state velocities and contact areas of sliding drop-
lets with different contact angles and inlet flow velocities.

Ui U U/ u;y Contact area

1.5 0.092 0.061 0.556
30° 3.0 0.263 0.088 0.564

4.5 0.476 0.106 0.608

1.5 0.524 0.349 0.202
90° 3.0 1.017 0.339 0.235

4.5 1.230 0.273 0.283
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Fig. 10. Droplet motion near the channel corner with @z=150" at
the bottom wall and different contact angles at the side wall: (a)
0s=150"and (b) @s=30".

formed behind the droplet is expanded, as plotted in
Fig. 7. This causes the droplet motion to be unstable.
At u,, =4, the droplet sliding velocity and the drop-
let-wall contact area start to oscillate due to imbalance
between the drag and surface tension forces. The oscil-
lation amplitude increases with u,, . When the air
velocity is increased to 5, the droplet detaches from
the bottom wall and rises away from the surface. The
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droplet departing from the wall has a higher velocity
as it is injected into the relatively faster air stream.

The effect of droplet size on the droplet motion is
studied through the computations with ¥, = 0.0335,
0.067 and 0.134. The results are plotted in Fig. 9. As
the droplet volume increases, the droplet base in con-
tact with the bottom wall elongates and increases. The
dependency of droplet size on the sliding velocity of a
droplet is found to be weak.

Simulations are performed for the droplet motion
when a droplet touches the side wall as well as the
bottom wall. Fig. 10 presents the effect of ¢, the
contact angle at the side wall, on the droplet motion
while keeping ¢, constant. For ¢s= 150’, the drop-
let slides without large spreading. Its sliding velocity
at steady state is 2.25, which is much smaller than
3.23 for the droplet in contact with only the bottom
wall. When ¢, is decreased up to 30, the droplet
spreads up along the side wall rapidly. This is due to
the up- ward component of surface tension force act-
ing on the droplet-wall contact line. As the droplet
spread area on the side wall increases, the terminal
sliding velocity of a droplet decreases to 0.24. When
the droplet gets to a steady state at t=10, it has no con-
tact with the bottom wall. Therefore, the combination
of a hydrophilic side wall and a hydrophobic bottom
wall is an effective way for the removal of water drop-
lets from the bottom wall, which is assumed to be a
gas diffusion layer of a PEMFC.

The effect of contact angle hysteresis (¢, # ¢, ) or
dynamic contact angle (@, <@ <@, ) on the droplet
shape is plotted in Fig. 11. In the calculations, we use
¢, =150and ¢, = 60°. The initial shape of droplet is
taken to be a hemisphere with ¢ =90". For u,, <2.5,
the droplet remains stationary on the surface because

Side view Contact line
1 1
uy=15  w n o
,_ ) >
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uin:2.5 G L] —
-
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1 1
u;,=3.0 "' . L] c
>
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Fig. 11. Steady-state droplet shapes with dynamic contact
angle of 60° < @ <150° and different inlet flow velocities.

the surface tension force is dominant. In this case, the
contact angle around the droplet-wall contact line is
adjusted between ¢, and ¢, so that the net force in
the horizontal direction is zero. As the air inlet velocity
increases, the droplet begins to move. For u,, =2.5
and 3.0, the droplet sliding velocities are 0.69 and 0.72,
respectively.

Fig. 12 presents the dependence of droplet motion
on a receding contact angle while keeping ¢, = 150"
As the receding contact angle increases, the droplet-
wall contact area decreases and the droplet sliding
velocity increases. For ¢, = 607, 90" and 120", the
droplet sliding velocities are 0.72, 1.72 and 2.43, re-
spectively.

The effect of advancing contact angle on the droplet
motion for ¢, = 60" is plotted in Fig. 13. The droplet
sliding velocity is 0.64 for ¢, = 60, but the droplet

¢=60’

¢=90’

0=120°

Fig. 12. Effect of receding contact angle on the steady-state
droplet shape and velocity field at z=0.5 for @,=150", u;,=3
and V4=0.0335.

¢=60"

¢:=90"

@.=120°

Fig. 13. Effect of advancing contact angle on the steady-state
droplet shape and velocity field at z=0.5 for @~=150", u;,=3
and V4=0.0335.
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Fig. 14. Droplet-droplet interaction and the associated velocity field at z=0.5 for ¢=150", V4=0.134 and different inlet velocities:

(a) ui=1.5 and (b) v;,=3.0.
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Fig. 15. Droplet merging pattern for @=150" and (ps:(p1:150°:
(a) three-dimensional view and (b) front view.

remains stationary for ¢, >90°. It is interesting to
note that the droplet slides slowly when the contact
area decreases with the advancing contact angle. This
is caused by the fact that the wake region behind a
droplet is expanded as the advancing contact angle
increases, as seen in Fig. 13. Therefore the droplet
sliding velocity increases as the contact angle in-
creases and the contact angle hysteresis (@, — ¢, )
decreases.

A computation is performed to investigate the in-
teraction between droplets in a microchannel. For this
case, we use a longer channel of L=1/0 and a contact
angle of 150" at all the walls. Initially a droplet is
placed at x=4.4 and another droplet at x=5.6. Each
droplet has the same volume of V, =0.134. Fig. 14
shows the interaction between droplets for different

o G ;@
- G 8
S S t::
- —Ji

(@) (b)

Fig. 16. Droplet merging pattern for @z=150" and @s=¢1=30":
(a) three-dimensional view and (b) front view.

inlet velocities. For u,, = 1.5, the velocity field near
the downstream droplet has insignificant difference
from that near the upstream droplet. This causes the
droplet shape and sliding velocity to be nearly identi-
cal for both the upstream and downstream droplets.
When the inlet velocity is increased to 3.0, droplets
evolve as demonstrated in Fig. 14(b). The wake region
behind the upstream droplet is expanded with the in-
crease in inlet velocity. As the drag force on the down-
stream droplet is reduced, the distance between two
droplets becomes shorter with time. This results in
large deformation of the upstream as well as down-
stream droplets and then merging of the droplets.

Fig. 15 shows another droplet merging pattern in a
microchannel. Initially a droplet with ¥, =0.268 is
placed at x=4.4 and another droplet with V, =0.067
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at x=5.6. We use u, =15 and ¢, =¢;= 150"
When the locations of the two droplets are reversed,
the droplets do not merge. After the two droplets
merge, the elongated merged droplet springs back
quickly due to the restoring force of surface tension.
Thereafter, the merged droplet oscillates on the bot-
tom wall and then attains a steady state, as seen at
t=22.

Fig. 16 shows the droplet merging pattern when the
contact angles of the side and top walls are reduced to
@ =30" . After the two droplets merge, the merged
droplet climbs up the side wall and then spreads on the
top wall. As the droplet evolves with time, liquid films
form near the channel corner between the top and side
walls. A comparison of Figs. 15 and 16 indicates that
the hydrophilic side wall helps to reduce the cross-
section area occupied by water droplets which blocks
the air flow.

4. Conclusions

The droplet motion in a microchannel has been in-
vestigated numerically by using the level set method
to track the droplet shape, which is modified to treat
the static and dynamic contact angles and further
improved by employing a sharp-interface technique
to accurately impose the matching conditions at the
interface.

Computations were performed until the droplet mo-
tion attained a steady state by using the computational
domain moving with the droplet sliding velocity.
Based on the numerical results, the droplet sliding
velocity was observed to increase as the contact angle
increased and the contact angle hysteresis decreased.
It was also found that the droplet detachment from the
wall and the droplet merging process occurred when
the wake region formed behind a droplet was pro-
nounced with the increase in the inlet flow velocity
and the contact angle.

As the inlet flow velocity increased, the droplet-
wall contact area increased. At a low contact angle,
the ratio of the droplet sliding velocity to the inlet
flow velocity increased with the inlet flow velocity,
but its dependency was the reverse at a higher contact
angle. The effect of droplet size on the droplet sliding
velocity was found to be weak.

A combination of a hydrophobic bottom wall and a
hydrophilic side wall was demonstrated to be effec-
tive for water removal. It was also observed from the
numerical simulations of droplet merging process that

a hydrophilic side wall helps to reduce the cross-
section area occupied by water droplets.
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Nomenclature

g Gravity

h Grid spacing

H Height of a microchannel

i Unit vector in the x-direction

L, Reference length

L Length of a microchannel

n Unit normal vector

n, Unit normal vector pointing into the

wall

p Pressure

R Droplet radius

Re : Reynolds number

S Sign function

t Time

u Flow velocity vector, (u, v, w)
u, Reference velocity

U Sliding velocity of a droplet

V Volume

v, Volume of a droplet

/4 Width of a microchannel

We : Weber number

X, V,Z Cartesian coordinate

Greek symbols

y Step function

K Interface curvature

u Dynamic viscosity

0 Density

o Surface tension coefficient

T Artificial time

@ Distance function from the gas-liquid

interface

Q : Contact angle
Subscripts

a,r : Advancing, receding

B,T,S Bottom wall, top wall, side wall
g, 1 1 QGas, liquid

in : Inlet
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