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Abstract. In this paper, a multi-component multiphase pseudopotential Lattice Boltzmann method with multi relaxation time
(MRT) collision operator is presented to examine the dynamic behavior of liquid droplets movement and coalescence process in
the gas channel of PEMFC. In the numerical method, the forcing term is improved to achieve a high-density ratio and
thermodynamic consistency. First, the density ratio, Laplace law, and contact angle are validated with previous studies. Then,
different parameters, such as operating temperature, pressure difference, surface contact angle, the radius of droplets, and
distance between two droplets on the droplet movement and coalescence process are studied. The results revealed by rising
temperature from 30 to 80 degrees, the speed of drop increases around 6 percent. The simulation results indicated that the rising
of pressure gradient increases the gas flow velocity on the channel and leads to increasing the shear force and eventually faster
movement of the droplet on the gas channel. Also, investigation of various contact angles shows that a hydrophilic surface causes
a resistance force between the droplet and the wall and delays the removal of droplets. Moreover, droplet coalescence is useful for
droplet movement because of increasing the velocity gradient on top of the droplet; consequently, the shear force on the droplet
is raised during coalescence.

Keywords: Lattice Boltzmann method, multi-component multiphase, coalescence process, fuel cell channel, liquid water droplet
interaction.

1. Introduction

Nowadays, the study of polymer electrolyte membrane fuel cells (PEMFC) as a power source in vehicles has attracted many
researchers attention [1, 2]. Reasons for this tendency include high energy conservation efficiency, low levels of harmful
environmental pollutants, low operating temperatures, and relatively rapid onset. Due to the formation of liquid water in the
catalyst layer on the cathode side of PEMFC, it is necessary to remove it from the gas channel. The accumulation of liquid water
causes flooding in the gas channel and blocking of the oxygen transport pathway, leading to reduced fuel cell efficiency.

Numerous experimental and numerical investigations have been carried out on the removal of liquid water and flooding in
the gas channel of the fuel cell [3, 4]. Using neutron radiography measurements, Kramer et al. [5] investigated the two-phase flow
phenomena in hydrogen-fueled polymer electrolyte fuel cells (PEFC) by successfully detecting the liquid accumulation in the flow
field and gas diffusion layer (GDL) under various operating conditions. Hickner et al. [6] studied the effect of current density and
temperature on the water content of an operating proton exchange membrane fuel cell (PEMFC). Using neutron radiography, they
found that a peak in water content of the fuel cell was observed at 60°C cell temperature. Kumbur et al. [7] theoretically and
experimentally investigated the effect of operational air flow rate, on liquid droplet deformation at the interface of the diffusion
media (DM) and the gas flow channel. At high flow rates, removal of liquid water from the DM surface occurs faster, which
prevents local channel flooding. Yu et al. [8] experimentally simulated cathode flow channel system with high-sensitivity double
parallel conductance probes inspecting system. Hussaini et al. [9] studied the effect of cathode flooding on the operation of the
fuel cell. They introduced a new parameter as the wetting area ratio to describe the channel flooding and liquid water coverage on
a gas diffusion layer. Zhang et al. [10] presented a liquid water removal from a PEMFC. Their experimental results indicated that
there are two major modes of liquid water removal from the GDL surface. First, the droplet detachment by shear forces of gas flow
which lead to a mist flow in the gas channel, and second, the capillary wicking onto the more hydrophilic channel, which resulted
in the growth of the annular film flow and liquid slug flow in the channel. Rothstein et al. [11] present the effect of contact angle
hysteresis on the dynamics of the coalescence of sessile drops. They found that droplet deformation and oscillation during
coalescence process are more intensive than that of the single droplet flow.

Due to the limitations of the fuel cell experiment such as deficient to capture more details of dynamic mechanism,
considerable researches were conducted on the numerical simulation of liquid water transport behaviors in PEM fuel cell gas
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channels which provide more details on the dynamics of water droplet movement in the fuel cell [12-14]. The behavior of the
liquid water inside a serpentine channel for a proton exchange membrane (PEM) fuel cell was investigated by Quan et al. [15].
They used the volume of fluid (VOF) numerical method for their simulation. Their results indicated that the bending region of the
serpentine flow channel has a significant influence on the flow field and water transport and that flooding may occur after the
bend section which might block the transport of reactants inside the flow channel.

Similarly, liquid water transport in the micro-parallel channels with PEM fuel cell stack inlet and outlet was studied by Jiao et
al. [16]. They found that excessive and unevenly distributed water in the PEMFC gas channel leads to blocking the airflow or
uneven distribution. Zho et al. [17] numerically analyzed the dynamical behavior of water droplets that enter the GDL gas channel
using the VOF method. They found that channel height plays an important role in the deformation and detachment of water
droplets.

Recently, using the Lattice Boltzmann method as a powerful technique, specifically for the simulation of multi-phase flows
has attracted many researchers in the last decade [18-23]. Han et al. [24] also used the Shan-Chen two-phase Lattice Boltzmann
model to simulate two liquid droplets growing and moving through a fine pore in the gas channel of a PEM fuel cell. Ben Salah et
al. [25] simulated the behavior of water droplets in a gas channel of a PEMFC with multi-phase free energy Lattice Boltzmann
model. Their results indicated that increasing droplet velocity and the drainage efficiency in shallow channels occur easier than
deep channels; however, the efficiency suddenly decreases when the droplet hits the corner or above the channel’s walls. Hao et
al. [26] used the Lattice Boltzmann method, to study the emerging of a water droplet through hydrophobic GDL in PEMFC. They
realized that the droplet motion on the GDL surface was influenced by the drag shear force of the gas flow. Their results revealed
when the velocity of gas flow or contact angle increased water droplet removal is facilitated. Ben Salah et al. [27] utilized the free
energy LB model with a high-density ratio to find the optimum GC geometry for water drainage. Their results indicated that a
rectangular channel is the best possible geometry for water removal from the gas channel at a reasonable pressure drop. Han and
Meng [28] implemented the LB method to simulate the removal of water liquid droplets from two different types of serpentine gas
channels. The first one is a smooth U-shaped channel, and the second one has a sharp right angle turning region. Their results
indicate that the first type of serpentine gas channel is more suitable for water removal. Additionally, increasing the gas flow
velocity or the surface contact angle of the channel can help the process. Ben Amara and Ben Nasrallah [29] simulated the
behavior of droplet motion in the gas channel of PEMFC with the single component LB method. They found that increasing
capillary number causes more droplet deformation. In addition, the average contact angle of the hysteresis increases along with
the droplet motion. Huang and Wu [30] surveyed the dynamic behavior of liquid droplets on the GDL surface. They realized that
decreasing the viscosity ratio or increasing the Capillary number leads to easier droplet detachment from the GDL surface.

One of the multi-phase flow modeling in Lattice Boltzmann methods is Shan-Chen pseudopotential method. The main
advantages of the pseudopotential method are that the intermolecular interactions are represented with an interaction force
based on a density-dependent pseudopotential and the phase separation is naturally achieved by imposing a short-range
attraction between different phases. Lue et al[21, 31] implemented pseudopotential Shan-Chen model and improved forcing
scheme suggesting for the MRT LB model to achieve thermodynamic consistency and large density ratio in the model. Jiang et al.
[32] optimized the method used by Lue et al. [21, 31] to achieve a higher density ratio and a higher Reynolds number. Xu et al. [33]
used a pseudopotential LB model to simulate the motion of droplets in a gas channel fuel cell with rough undersurface ,that was
simplified to the size of small columns.

In addition, a few studies have been conducted on multi-component systems with high-density ratios [34, 35]. Bao and
Schaefer [36] introduced a new multi-component multiphase LBE model which could be simulated with high-density ratio. Zhu et
al. [37] incorporated the equation of state into the pseudopotential model and improved it through the MRT model for
approximating the collision operator and correction coefficient of K. Hou et al. [38] simulated the dynamics behavior of droplet
coalescence in the gas channel of proton exchange membrane fuel cell through a multi-component multi-phase LMB method
with high-density ratio. Their results indicated that the shear force strengthened during the droplet coalescence and helped the
droplet move from gas channel.

Jitin et al. [39] studied the rate of water removal and the surface area coverage of the gas diffusion layer and the rate of droplet
detachment rate in the gas channel of the fuel cell. They showed that the surface coverage of the gas diffusion layer by liquid
water could be significantly controlled by the hydrophilic channel walls, although it may reduce the rate of water removal.

The dynamic behavior of liquid droplets on a modified surface of real gas diffusion layer (GDL) with the effect of inertia
produced by a three-dimensional (3D) flow channel has been investigated using the lattice Boltzmann model by Yang et al. [40].
The results showed that the liquid droplet is pushed into the gas diffusion layer by the effect of inertia. By increasing the inertia
and decreasing the contact angle of the gas diffusion layer, both the penetration depth of the droplet in the gas diffusion layer
and the invasion fraction increase.

This study aimed to develop a multi-component multiphase pseudopotential Shan-Chen LB model with multi relaxation time
(MRT) collision operator to study the dynamic behavior of coalescence process of liquid droplets in the gas channel of PEMFC.

An important innovation in this paper is the study of the effect of liquid water and gas temperature on droplet motion and
their coalescence process, and in the two-phase flow calculation process, a large density difference is established between liquid
water and gas in gas channel. One of the significant advantages of this simulation is that it can evaluate actual physical
properties, also we used improved pseudopotential multiphase model within lattice Boltzmann model framework, which can
realize thermodynamic consistency and tunable surface tension

The real parameters at different temperatures are considered and the conversion of these parameters from physical unit to LB
unit is described. In addition, the parameters such as the temperature of components, surface contact angle, Reynolds number,
the radius of the droplet, and distance between two droplets are investigated

2. Numerical Method

In this paper, Shan and Chen multi-component multiphase lattice Boltzmann model with multi-relaxation schemes (MRT) are
implemented as there are higher stability and accuracy than that of the single relaxation method. In addition, a pseudopotential
function is used for considering interparticle interactions in the lattice Boltzmann.

Considering the component k, the collision operator for multi-component multi-phase flows in a 2D lattice can be expressed
as below:

A (x + e, At + At) — f*(x,t) = —Q[f*,(x,t) — £, (x,t)] + AtS*,(x,t) (1)

where f* is the density distribution function (DDF), f,** is its equilibrium distribution for Component k, Q is the collision
matrix, t is the time, x is the spatial position, At is the time step, S%, is the forcing term in the velocity space. e, is the
discrete velocity along the a® direction, for the D2Q9 are defined as follows:
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The MRT shames offer a higher stability, accuracy, low spurious velocity and achievable density ratio [18, 21, 41-43]. Eq. (1) by
MRT method can transformed to the following form:

m* =m* — A[m*(x,t) - m(x,t)] + At (1 - 0.50)F¥, 3)

where m*(x,t) and m*®(x,t) are vectors of moments and the equilibrium vectors of moments for Component k respectively. M
is transformation matrix. The mapping between velocity and moment spaces can be performed by linear transformation.

mt=Mf* | f=M"'m" 4)

For the D2Q9 lattice, the equilibria m* and m** can be written as

. . T
m* :(p:eyEy}x:qu)yyqy!pxx’pyy) (5)

T
meel = p<1,72 + 3<uk2 + vkz),l - 3(1,1,22 + v,f),uk,71,4,2,1),2,711,@1,1,?2 - U,f,ukuk) (6)
where A is the relaxation matrix and is diagonal in the momentum space:

A =diag(s,,s,,5;,54,55,56,57,55, )

i 7
= dlag(rp’1 7, T;l T}fl Tq—l T}_—i qu1 7t Tuil) (7)
where the S1, Ss and S should be equal to each other and are considered to be one. Ss and Sy equal 1.1 and Sz = Sz and Sg = Sy are

related to the bulk and kinematic viscosity, respectively:

A= [SlfO.S]Csz (8)

2

v=(r-05)C? 9)

where C,=1/+/3 is the lattice sound velocity, and 7=1/s,, [ is the unit tensor, (I—0.5A)F% is the force term in momentum
space. Since in the MRT method the relaxation time is related to the kinematic viscosity and at a temperature of T/T.=0.5, the
gas-to-liquid dynamic viscosity ratio is about 25, so we set the relaxation time 7 to 1, for the gas phase and from the ratio of
kinematic viscosity Calculates relaxation time for liquid phase.

In this paper, to implement the external force into the LB framework, we used Gue's method proposed by Gue et al. [44, 45]
and McCracken et al. [43] which is claimed to be derived directly from the Boltzmann equation. In this scheme, the force term in
the MRT model should be

Ft = [6(14’21—*X + U*F*)), —6(U'F¥, + U'F*,), F*,—F* F* ,—F* , 2(u'F*, — U'F%)),2(u"F*, — Ukay)]T (10)

In this model, the density of component and velocity can be expressed as follow [46]:

P=>f (11)
z[z fe+ Atf]
Vk — k a - 2 (12)
P
k
where F=(F,F) is the total interaction force, acting to the component and express as:
Fk = choh + Fkadh (13)
where F* , is fluid- fluid interaction force defined as follows:
F*, =F* +FY (14)
where F¥ isintra-molecular interaction force and can be written as follows:
P = Gyt (x)C Y w(le. vt (x +e, e, (15)
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in which ¢"(x) is the interaction potential, G, is the interaction strength, and w(le, ') is the weight operator only that only
depends on the length of the length of the vector e, . It is given by w(1) = 1/3 and w(2) = 1/12, for the nearest-neighbor
interactions on the D2Q9 lattice [47].

The F¥ isinteraction force between the two components defined in the following [48]:

=G0 (> wlle, P +e,)e, (16)
B =G ()0, ()3 wlle, P +e,)e, 1)

where ¢,(x) and ¢,(x) are different from y*(x) and expressed as:

¢ (p,)=1—exp

P2
P20 ] (18)

—P1

[ox (p1) =a, —€xXp
—P1o

(19)

The value of p,y,p,,4,,G,, and G,, are critical for a multicomponent multiphase system [35, 48-50]. Higher values of them
lead to the controlling of the magnitude of the mutual diffusivity in the gas phase. In this paper, it is assumed
a, = 0.005 , p,, = —0.0008 / log(a,), py = 0.0003 [51] and G,, =G,, =0.0001, F¥, is fluid-solid adhesion force and calculated by:

F (x)= ~Ghat* (x)Zw(\en\z)S(x +e,At)e, (20)

where G, is the adhesion factor that determines the strength of the fluid-solid interaction for component k, S is equal to 1 or 0
for a solid and fluid domain node respectively.
Component 1 is water and component 2 is air. The air is considered an ideal fluid and thus G2 = 0. Water is considered a non-
ideal fluid following the Carnahan-Starling (C-S) equation of state, which is given by [52]:
The parameter a effects on the interface thickness,

1+bp/4+(bp/4) —(bp/4)
T - bp/4)3 ap (21)

where a=0.4963R’T’ /P, b=0.8727RT. /P., and the critical temperature is T, = 0.3773a/bR. In the present study, we set b = 4,
R =1, c=1.In some previous simulations, a is usually equal to 1 [52], then T.=a/(10.601R)~ 0.094 . But here we use a=0.5 and
T. ~0.047 same as Li et al. [21]. The parameter a affects the interface thickness, reducing its value causes a thicker interface,
which leads to decreased spurious velocity and increased stability in high density ratios. For the water component the effective
mass is given by [53]:

Poos = pR

2 (PEOS - /’Cf) (22)
Guc;

P (x) =

In this paper, Gu is set to -1 [35]. Also for the air component, the interaction potential is equal to its density [54]. In order to
adjust the coexistence densities and surface tension, Li et al. [21] improved the forcing term. Similarly, for the water component,
they proposed the following relation for the force term [38]:

0
120 |Ff
Y’6t(r, —0.5)
120 |F |
*6t(r, —0.5)

F! E (23)

6(UF, + VF, ) +

—6(uF, +VF,) -

2(uF, - VF,)
(qu + UFX)

where |F’=F+F’ and o isused to achieve good thermodynamic consistency and vary the mechanical stability condition [38].

In the MRT LB equation surface tension cannot be tuned independently due to its relation to density ratio. In order to
eliminate the weakness of the multi-range potential, Li and Laue [18] propose an alternative approach to adjust the surface
tension of the pseudopotential LB model and added a source term (Eq. (25)) to the right-hand side of the MRT collision equation
for a single component. In the present model, we added it in collision MRT equation for water component as follows:

mt=m'— A[ml(x,t) - ml'eq(x,t)]‘ + At[I - %

EL + AtC (24)

where the source term is expressed as:
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0
157,71(Qu +Q,)
~157,1(Qu + Q)

The variable Q,,Q,, and Q,, are given by:

Q=KGy, /20" (x) S wlle.[ ) (u" (x +e,)— v (x)e.e, (26)

where the parameter K can adjust the surface tension by its value from 0 to 1 without changing the density ratio, so we have a

wider range of surface tension.
It is important to note that in Eq. (24), m*' can be less than zero. Wu et al. [32] employed a limiter function A; with smaller
7,5,7." in relaxation matrix A, in order to return a MRT collision to this point again, so for component 1 the new f',(x,t) is

defined:

A im(x,t +At)

m' — A, [m"(x,t) — m"< (x,t)]\ + At [I - %]s +AtC if fY(x,t+At)>0 27)
mt— A, [ml(x’t) _ mbe (x,t)]‘ +At|I— %]S + AtC otherwise
Subsequently, after A; for higher stability, limiter function A, is also used as a reserve
A, fY (Rt +AL)
10 e o1 <
f (x,t:—At) if f(x,t+At)>0 (28)
max 0,19;1’1' (x+eaAt,t+At)] if fY(x,t+At)<0

In this paper for relaxation matrix A,, 7,'=7"=-0.02.

3. Model Validation

In this section for evaluating Laplace's law a model of the circular droplet with a radius of ro = 40 is initially placed on the
center of the domain. Periodic boundary condition is imposed in the x and y directions. The initial density fields are given as
follows:

+ —
p(X,y) _hTPly P : Pq tanh (29)

2

Z(V\A—/Vo)]

with r=,/(x—x) +(y—y.)” , where (x,y.) the center of the domain and W is interfacing thickness that is set to 2 lattice units.
As well as, p, and p,, are the densities of inside and outside of droplet respectively. The temperature is set to 0.5T.(T =50°C),
and for the water component the densities are set to p,,,,, = 0.000055 while for the air component that is set to 5x10’7 and
0.000567 for inside and outside of droplet. Also, the grid size is 200x200. After achieving a steady state, the pressure of the
system is calculated with [35]:

1 1 5
Py =30, + 500G [0 (%)) 56D Go” (x)0” (x) (30)
Laplace's law giving the system pressure difference between inside and outside of droplet is linearly related with the inverse
of droplet radius as written in the following:
P,—P

= in . out (31)

where Pin and Pou are respectively the pressure of system inside and outside of the droplet. v is surface tension and r is the
radius of the droplet.

Figure 1 shows the distribution of density for T/T.=0.5 initial radius ro = 40 in 200x 200 lattice domain and k = 0.68. The
smoothness in the phase change region and no fluctuation at the interface boundaries indicates that the utilized method is stable
and physically justified.
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Fig. 3. Pressure distribution along the x direction at T/T. = 0.5.

Figure 2 illustrates the result of simulation at T/T. = 0.5 with different values of K for the validation of Laplace's law. Results
demonstrate that by varying the value of K, Numerical results demonstrate that when k = 0.2, the amount of surface tension is
approximately 8 times when k = 0.8, so the proposed approach is able to adjust the surface tension over a wide range with an
unchanged density ratio.

The pressure distribution along the x direction of the computational domain for different values of K is shown in Fig. 3. It can
be found that large fluctuations of the pressure near the vapor-liquid interface. It is due to a sharp change of density and is
ignored in the calculation of AP .

The wettability of the surface is determined by the contact angle. If the contact angle is less than 900, the surface is
hydrophilic and the liquid phase tends to expand as a film on the solid surface. In contrast, if the contact angle is greater than 900,
the surface is non-wetting or hydrophobic and the liquid phase forms as a droplet on the solid surface. In these simulations, the
computational domain is 200x 100, Periodic boundary conditions are applied on the left and right edges. The bounce-back
boundary condition is applied on the bottom and top solid surfaces. After the simulation is converged, the contact angle is
calculated using the expression:

arcsin [%] 6 <90°
= . 32)
7 —arcsin [—] 6 >90°
2r
where r is calculated by
2 2
. 4h’+b (33)

8h
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Fig. 4. Liquid droplet attached to the solid surface in different contact angles at T/T. = 0.5.

in which h and b are the height and base length of the droplet on the surface respectively. Fig. 4 demonstrates a liquid droplet in
different contact angles on a solid wall, which indicates an almost linear relationship between the adhesion factor and the
contact angle.

4. Simulation Results

The computational domain is a PEMFC gas channel with 2000 pm length and 200 pum height. The bounce-back boundary
condition is used for the top and bottom walls. For gas stream flow, constant velocity and convective boundary condition (CBC)
[55] are employed at the inlet and outlet of the channel respectively. For the water component, at the inlet, the constant pressure
given by Zou-He [56] and at the outlet the CBC are utilized.

Table 1 summarizes the boundary and initial conditions of the gas channel. According to the table, air and water temperatures
are between 30 - 80 °C. Table 2 shows the properties of air and water at different temperatures [57].

For this simulation, the computational domain is discretized using a 2000x200 lattice unit.

The Weber number (We) which represents the competition between the fluid's inertia and surface tension forces acting across an
interface between the liquid and gas, or between two immiscible liquids, can be expressed as follows:

2
We = PIUH (34)
Y
where p; is the fluid density, U is the velocity of air, and ~ is the surface tension of water.
The Reynolds number is defined as:
UH
Re=-""— (35)

in which H is the height of the gas channel and v, is kinematic viscosity of air. According to Laplace's law for different values of
K, the amount of surface tension varies. Therefore, to deduce the surface tension of the water in the Lattice Boltzmann unit, the
dimensionless parameters of Weber and Reynolds numbers are equal to the real unit and the LBM unit, that the appropriate K
from Laplace's law can be selected.

Table 1. Boundary conditions.

Air Inlet A fully developed laminar velocity profile (mean Vin, air = 2-10 m-s™)
Outlet Convective Boundary condition
Wall No slip boundary condition with contact angle 6=87-117 degree
Water and air temperature 30-80 °C
Gas channel length (L) 2000 pm
Gas channel height (H) 200 pm

Table 2. Water and air properties.
T=80 °C T=50°C T=30°C

Dynamic Viscosity of Air (N-s-m™?) 2.088x10°  1.953x10°  1.865x10~°
Kinematic Viscosity of Air (m?2.s?) 20.88x10°¢  17.88x10°  16.08x10°
Dynamic Viscosity of water (N-s-m?) 3.537x10*  547x10*  7.805x10™*
Kinematic Viscosity of water (m2.s*) 3.64x107  5.541x107  7.839x107
Air-water Surface Tension Coefficient (N.m) 0.0626 0.0679 0.0712
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Table 3. Values of k, lattice unit surface tension and relaxation time for different temperature
T=30°C T=50°C T=80°C
K 0.5 0.68 0.76
v 0.00362  0.00242  0.00178
T, 0.5244 0.5138 0.5087

c- T=80C

Fig. 5. Temperature effect on interaction and coalescence process of two droplet at D = 300 pm, 6 = 117, Ri= R, = 55 um, Uae= 8 m/s.

[dezH] _ [/’dUZH] (36)
7 Real 7 m

UH UH

[ Uair ) real ; [ U air ]LBM (3 7)

where p; =v,.p;, and v, is kinematic viscosity of droplet. In lattice unit for T/T,=0.5 we set v, =0.0046 , v, =0.1667 ,
p; =0.4554 and H,,/H;, =1.0x10°, By substituting the U of Reynolds number in the Weber equation the surface tension in
LBM unit is obtained. Therefore, the LBM unit surface tension is equal 0.0024 and the appropriate K is equal to 0.68. Table 3 shows
the value of k, Lattice unit surface tension, and relaxation time for the liquid phase at different temperatures.

The time step by using Eq. (36) is calculated as follow:

At _ “ism (ud )Real

Real

AXReul (38)

Real (:“d LBM

This part of the simulation analyses the behavior of motion and coalescence process of two water droplets located at the
bottom solid wall of the PEM gas channel. The effect of parameters such as temperature, Reynolds number, surface contact angle,
the radius of droplets, and distance between two droplets is investigated. In the current model, the effect of roughness is
neglected and a smooth surface is assumed for the walls [17]. The Bond number (Bo=g(p, — p,)D* /) measure the significance
of gravitational forces due to density difference compared to surface tension forces. In actual gas channel of PEMFC the Bond
number is in order of 10* and thus the gravitational effect can be neglected. In this study, according to the simulation conditions
described in Table 2, the order of Reynolds number is 10? the Capillary number and Weber number are in the order of 102 and 10*
respectively. The values of all of them are similar to the real conditions in the gas channel of PEMFC

Liquid water generated in the catalyst layer passes through the porous GDL and forms a droplet in the gas channel that must
be removed. The draining of droplets depends on multi structural and operational parameters such as droplet size, wall contact
angle, etc.

Effects of the temperature on liquid droplet interaction are studied. In these three cases, the inlet gas stream velocity is
specified at 8.0 ms™, the distance between droplets (D) is set to 300 pm while the gas stream and droplet temperature are set at 30
50, and 80 °C, respectively. Detailed simulation results are presented in Figs. 5-6.

At the temperature of 80 °C, under a higher surface tension force and also lower kinematic viscosity of air and water the
movement of the droplets becomes faster, and they go out of the gas channel quickly around 6 percent.

It is also evident that the effect of shear force on the trailing droplet is greater than that of the leading droplet, so its
movement is faster and eventually coalescence process between two droplets happens. After the coalescence process, the height
of the drop increases, and the upstream air flow is blocked. Then it causes the maximum velocity on the gap between the droplet
and top wall to raise so that ultimately increasing the shear force, making the movement of droplets even faster.

As the temperature enhances, the air-water surface tension force decreases, so the capillary force increases as an important
factor in the movement of liquid water in the gas channel. Also, with increasing temperature, the viscosity force, which is a
negative factor for the movement of liquid water, decreases, thus accelerating the outflow of water. In Fig. 6, the position of the
drop relative to time is shown. It is observed that before the combination, the leading drop has a greater slope than the trailing
drop. But after the coalescence process, the slope of the mixing drop is more than any of the two droplets. For the temperature of
80 degrees, the average velocity of the trailing drop is 0.51 m/s and the leading droplet is 0.48 m/s. After the coalescence process,

)

Journal of Applied and Computational Mechanics, Vol. 9, No. 3, (2023), 607-622 A\V'A



Temperature effect on moving water droplets at the channel of PEMFC by multi-component multiphase Lattice Boltzmann method 615

the average velocity of the droplet is 1.03 m/s, which indicates a more than 115 percent increase in the velocity of the droplet. The
results are similar for temperatures of 30 and 50 degrees. It is also clear that with increasing temperature, the coalescence process
of the two droplets occurs at a farther distance from the upstream of the gas channel; for example, at the temperature of 80
degrees, the coalescence process occurs in 1.47 ms, while at 50 and 30 degrees those take place at 1.44 ms and 1.4 ms, respectively.

The dynamic motion of the droplets is influenced by Reynolds number. The effect of the Reynolds number on the behavior of
the dynamic motion of droplets is displayed in Figs. 7 and 8. In this section, three delicately chosen Reynolds numbers, Re = 250,
300 and 350 are considered at temperatures 50 and 80 degrees. It is known when the Reynolds number is increasing due to an
increment in the gas flow velocity, it leads to raising the shear force and pressure difference between both sides of the water
droplet and therefore it overcomes the viscosity resistance. The droplets draining become faster more than 1.5 times by 1.5
increase of Reynolds at 50 °C temperature.

It has also been shown that when the temperature rises to 80 °C, a 50% increase in the Reynolds number leads to a 60% rise in
the exiting velocity of the droplet from the gas channel.

It is also evident that the effect of shear force on the leading droplet is greater than it on the trailing droplet, so the velocity of
the leading droplet is higher especially on greater Re so the coalescence process between two droplets happens rapidly.

It is clear from Fig. 8 that at 50 °C and Reynolds number of 250, the coalescence process occurs in 3.17 ms, whereas with the
rise of Reynolds number by 1.4 times, that occurs 1.54 ms earlier, resulting in the droplet exiting faster. By increasing temperature
to 80 °C, this effect is slightly reduced; for instance, by raising the Reynolds number from 250 to 350, the coalescence process
occurs about 0.85 ms earlier.

Figure 9 illustrate distribution of fluid velocity before and after coalescence process, when the distance between the two
droplets is 300 pm and Reynolds number equal 250. It is known that with the coalescence process of the droplets, the gap space at
the top of the droplet reduce, the gas flow accelerates and the velocity increases dramatically over there about 50%, so droplet
movement is faster about 60% (slope of Fig. 8-a).

2000 T T T T T T T T T T T T T

77

1900 - -B—8& T=30 °C (trailing drop) > M

1500 |- =% T=30°C (leading drop) / 4
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1700 o o T=50°C (leading drop) »

1600 - -A—A T=80 °C (trailing drop) / b

1500 - -&—A T=80 °C (leading drop) B

;

1400
1300
1200
1100
1000
900
800
700
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5008
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Fig. 6. Position droplet in different temperature.
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c-Re=350

(b) T =80°C

Fig. 7. Effect Reynolds number on interaction and coalescence process of two droplet at D = 300 pm, 6 = 117, Ry = R, = 55 pm, T = 50, 80 °C.
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Fig. 9. The distribution of fluid velocity before and after coalescence process at Re = 300, D = 300 pm, 6 = 117, Ry = R, = 55 pm, T = 50 °C.

Fig. 8. Position droplet in different Reynolds number at D = 300 pm, 6 = 117, R = R, = 55 pm, T = 50, 80 °C.
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Table 4. Parameters in 3 cases.

Case Ri(pm) Ry(pm) Distance (um)

1 70 33.912 300
2 65 42.72 300
3 55 55 300

The larger contact angle would accelerate the droplet motion due to greater shear force, the repulsive force between the water
and the wall, and less contact area, thus the separation of the droplet facilitates. The hydrophilic wall plays the role of resistive
force between the wall and droplet, reducing the amount of shear force by decreasing its height, and increasing the contact area
between the droplet and channel wall, leading to greater resistance which results in delayed droplet draining. Consequently, the
droplet motion is faster on the hydrophobic wall. Also, the coalescence process between two droplets occurs farther from the
upstream of the gas channel.

This conclusion also works for the gas channel surface as shown in Fig. 10, 11 at contact angles of 87, 107 and 117 degrees. It is
clear when the contact angle is 117 degrees, the droplet coalescence process occurs earlier more than 1.5 times relative to the
contact angle 87 degrees and closer to the upstream. In Fig. 11, for the contact angle of 117 °C, the slope of the position-time
diagram is greater than the contact angle of 107 °C and 87 °C. The average velocity of the leading and trailing droplets at a contact
angle of 117 degrees are 0.51 m/s and 0.34 m/s respectively, which after the coalescence process becomes 0.98 m/s, that is
approximately more than 1.6 times that of contact angle of 87 degrees. Therefore, at a higher contact angle, the water droplet is
removed faster from gas channel. Also, as it is shown in Fig. 11, the coalescence process at a contact angle of 117 degrees is about
1 ms earlier than the contact angle of 87 degrees.

The size of the droplet formed in the gas channel is different and depends on the structural and operational parameters of the
fuel cell. In Figs. 12 and 13, the effect of the size of the droplets on its movement along the channel is indicated at temperatures
50 and 80 °C. Table 4 illustrates three different cases where the radius of the two drops is different. Note that the radius of the
leading droplet is assumed to be greater than or equal to the radius of the trailing droplet, but the sum of the volume of two
droplets is equal in all cases.

It is also evident that the shape of the leading droplet before the coalescence process is similar in all three cases. When the
size of this droplet is bigger, the smaller distance between the droplet and top wall, so the higher acceleration and maximum
velocity is there and makes the droplet move faster. Simulations showed that at temperatures 50 and 80 °C when the leading
droplet radius increases from 55 to 70 pm, the discharge time from the channel decreases by about 20% and 35 % respectively, and
also the coalescence process occurs in half time at both temperatures.

Fig. 10. Effect of the GDL contact angle on interaction and coalescence process of two droplet at D = 300 um, R; = 55 pm, R, = 55 pm, and Re = 350
(a) 6=87,(b) 6=107,(c) 6=117.
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Fig. 11. Position drop in different contact angle at D = 300 pm, R, = 55 pm, R, = 55 um, and Re = 350, T = 50°C (a- 6=87,b- 6 =107, c- 6=117).
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Fig. 12. Effect of the radius of droplet on interaction and coalescence process of two droplet at D = 300 pm, Re = 300, 6 = 107, T = 50, 80 °C.
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Fig. 13. Position drop in different radius of droplets at D = 300 um, Re = 300, 6 = 107, T =50, 80 °C.
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Fig. 14. Effect distance between droplets on interaction and coalescence process at D = 200, 300 and 400 pm, Re = 300, 6 = 107, T = 50 °C.
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Fig. 15. Position drop in different distance between at D = 200, 300 and 400 um, Re = 300, 6 = 107, T = 50 °C.

Due to the complex structure of the GDL, the droplets are formed randomly at different locations, so the distance between
them is different. In this section, the effect of the distance between two droplets is studied in Figs. 14 and 15, so that the distance
between the two droplets is considered 200, 300 and 400 pm, while in all three cases the Reynolds number is the same.

Results show that when the distance between the two droplets is 200 pm the drag shear force on the trailing droplet is
reduced, so the leading droplet hits the trailing droplet faster and the coalescence process is taken place. After that, the radius of
the droplet becomes bigger and the gap between the droplet and the top wall of the gas channel decreases, so the fluid
accelerates and velocity of the air component increase thus the drag shear force enhances; as a result, the droplet movement
becomes faster. In general, it can be found that the coalescence process is beneficial for the exiting droplet from the channel.

Before droplet fusion, when the distance between two drops is 200 pum, the average velocity of the trailing drop is at most 60%
of the leading drop. So, the leading drop reaches the trailing drop faster and the coalescence process is done. Although, when the
distance between the two drops increases to 400 pm, the average velocity of the trailing drop is at least 90% of the average
velocity of the leading drop. Therefore, the coalescence operation does not take place and only the distance between the two
droplets is reduced at the end of the channel by about 30% and each droplet leaves the channel separately.

5. Conclusion

A numerical investigation on the interaction and coalescence process of two water droplets in a gas channel of PEMFC was
presented using multi-component multiphase pseudopotential Lattice Boltzmann method with multi relaxation time (MRT)
collision operator.

In this way, two droplets were placed inside the gas channel and their movement and coalescence process were studied under
different parameters such as temperature, contact angle, Reynolds number, radius of droplets, and the distance between them.

Important findings and conclusions are summarized in the following.

1. When the temperature of gas flow and drops increases, the kinematic viscosity decreases which leads the droplets to
exit faster from the gas channel.

2. Increasing the Reynolds number causes the shear force to increase, as a result, the droplet movement and merging
accelerate.

3.  Our simulations demonstrate the effects of wall wettability on the removal and coalescence process of droplets,
showing that on a more hydrophobic surface due to a higher repulsive force between the wall and the droplet, the
motion of droplet is faster.

4. For the same air velocity and total droplet volume, with a larger diameter of trailing drop, water withdrawal from the
microchannel is significantly quick.

5. Decreasing the distance between two droplets reduces the shear drag force applied to the trailing droplet, thus the
trailing droplet hits the leading droplet faster and merges with it. Also, results demonstrated that when the distance
between two droplets increases to 400 micrometers, each droplet exits the channel separately.

Author Contributions

M. Moslemi conducted the numerical simulation and analyzed the results; K. Javaherdeh planned the scheme, initiated the
project, and suggested the simulation; H.R. Ashorynejad developed the simulation result and modeling and examined the theory
validation. The manuscript was written through the contribution of all authors. All authors discussed the results, reviewed, and
approved the final version of the manuscript.

Acknowledgments

The authors are grateful to the anonymous referees for their valuable suggestions.

Conflict of Interest

This is the original work of the authors and all authors have seen and approved the final version of the manuscript being
submitted. The material described here is not under publication or consideration for publication elsewhere.

A\V'A Journal of Applied and Computational Mechanics, Vol. 9, No. 3, (2023), 607-622



620 Kourosh Javaherdeh et al., Vol. 9, No. 3, 2023

Funding

No funding was received to assist with the preparation of this manuscript.

Data Availability Statements

The datasets generated and/or analyzed during the current study are available from the corresponding author on reasonable
request.

Nomenclature

a Parameter in EOS w Weight coefficient

b Parameter in EOS X Lattice site; direction

Cs Lattice sound speed y Direction

Ca Capillary number

D Distance between droplets Greek letters

e Discrete velocity v Surface tension

f Distribution function, frequency B Dynamic viscosity

F Total interaction force 0 Contact angle
Fadn Fluid-solid adhesion force A Bulk viscosity
Feon Fluid-fluid interaction A Diagonal relaxation matrix
H Height of gas channel p Density

I Unit tensor o Thermodynamic consistency parameter
K Surface tension adjustment parameter T Relaxation time

K Tuned a surface tension v Kinematic viscosity

m Distribution function at moment space 0 Interaction potential

M Transformation matrix w Weight coefficient

p Pressure Q Collision matrix

Q Variables to tune surface tension Subscripts and superscripts

R Universal gas constant; 1 Water component

Re Reynolds number 2 Air component

r Radius of droplet a Air

S Forcing term adh  Adhesion force

t Time (ms) c Critical point

T Temperature d Droplet

u Velocity in x direction eq Equilibrium distribution
v Velocity in y direction EOS  Equation of state
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