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a b s t r a c t

A three-dimensional unsteady two-phase model for the cathode side of proton exchange

membrane fuel cell (PEMFC) consisting of gas diffusion layer (GDL) with hybrid structural

model is developed to investigate liquid water behaviors under different operating and

geometrical conditions and to quantitatively evaluate effects of liquid water distribution on

reactant transport and current density distribution. Simulation results reveal that liquid

water transport processes and distributions are significantly affected by inlet air velocity,

wall wettability and water inlet position, which in turn play a prominent role on local

reactant transport and cause considerable disturbances of the current density. Liquid

water film spreading on the gas channel (GC) top wall is identified as the most desirable

flow pattern in the GC based on overall evaluations of current density magnitude,

uniformity of current density distribution and pressure drop in the GC. Modification to GDL

structure is proposed to promote the formation of the desirable flow pattern.

Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction layouts of GC [6], cross sections of GC [7], the channel number
Water management in proton exchange membrane fuel cell

(PEMFC), especially in the cathode side, is crucial to the cell

performance. Successful water management requires deep

understanding of liquid water hydrodynamics in gas channel

(GC) and porous materials such as gas diffusion layer (GDL)

and catalyst layer (CL). Liquid water transport process in GC is

of great importance as GC acts as the first step to distribute

reactant to the reactive site and the last step to drain the liquid

water out of PEMFC [1]. It is affected by various operating

conditions such as air flow rate [2], inlet humidity [3], oper-

ating temperature [4], and operating load [5]. In addition, it is

also affected by several geometrical parameters including
669106.
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and the land/channel width ratio [8] and GC surface wetta-

bility [9].

Numerical simulation has been demonstrated as an

effective tool to study the above factors affecting liquid water

behaviors in GC. Multiphase mixture model [10,11] and multi-

fluid multi-phase model [12e14] have been widely adopted in

modeling two-phase flow problems in PEMFC. Recently,

volume of fluid (VOF) method has also been applied to explore

liquid water behaviors in PEMFC, due to its capacity of

considering surface tension andwall adhesion and of tracking

liquidegas interface [15e32]. Table 1 presents a partial list of

those numerical studies using VOF, which can be divided into

different categories based on different classification ways. For
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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Table 1 e Simulations of liquid water transport dynamics in the GC using VOF method.

Authors and published year Components and GC
dimensions 3D:height � width �

length (mm) 2D: height � length (mm)

Research aspects

Quan et al. [15] 2005 A U-shaped GC 1 � 1 � 20 Transport process of liquid water with

different initial distributionSmooth GC bottom surface

Without water inlet pore

Zhan et al. [18] 2006 Single rectangle GC 1 � 1 � 11.5 Effects of air inlet velocity and GC wall

wettability on liquid water behaviorsSingle serpentine GC 1 � 1 � 23

Smooth GC bottom surface

Without water inlet pore

Cai et al. [17] 2006 Single rectangle GC 1 � 1 � 20 Effects of GC wall wettability on liquid

water transport and distributionGC Bottom surface：smooth

Without water inlet pore

Theodorakakos et al. [23] 2006 A small fraction of GC Effects of air velocity on the droplet

detachmentSmooth GC bottom surface

With water inlet pore

Jiao et al. [16] 2006 three parallel GCs 1 � 1 � 10 Transport process of liquid water with

different initial distributionSmooth GC bottom surface

Without water inlet pore

Jiao et al. [19] 2006 Serpentine rectangle GCs 1 � 1 � 10 Transport process of liquid water with

different initial distributionSmooth GC bottom surface

Without water inlet pore

Jiao et al. [29] 2007 U-shaped GCs with innovative GDL Effects of innovative GDL structures on

liquid water transport and distribution1 � 1 � 30

Zhu et al. [24] 2007 Single rectangle GC (2D) 0.25 � 1 Effects of GC size, inlet pore size and air

velocity on liquid water dynamic behaviorsSmooth GC bottom surface

With water inlet pore

Jiao et al. [30] 2008 A U-shaped GC with innovative GDL Effects of GDL wettability on liquid water

transport and distribution1 � 1 � 30

Ebrahim and Shila [20] 2008 Single rectangle GC (2D) 0.125 � 1 Effects of gas inlet velocity, the density and

viscosity of the gas, and the surface tension

coefficient on the droplet deformation

Without water inlet pore

Le and Zhou [31] 2008 The whole PEMFC 3D general model for PEMFC involving coupled

process of liquid water distribution and

reactant transport

Zhu et al. [25] 2008 Single rectangle GC 0.25 � 0.25 � 1 Effects of inlet air velocity, GC wall wettability,

water inlet velocity and water inlet pore size on

liquid water distribution

Smooth GC bottom surface

With water inlet pore

Le and Zhou [32] 2009 The whole PEMFC 3D general model for PEMFC involving coupled

process of liquid water distribution and reactant

transport

Zhu et al. [26] 2010 Single GC with different cross-sections Effects of GC cross-sections on liquid water

dynamic behaviors.Smooth GC bottom surface

With water inlet pore

He et al. [21] 2010 Single rectangle GC 1.05 � 1.05 � 10 Effects of GC bottom wall surface roughness on

liquid water behaviors.Rough GC bottom surface

Without water inlet pore

Le et al. [28] 2010 Serpentine rectangle GCs and

homogenous GDL

Liquid water transport behaviors within the

GDL and GC.

Ding et al. [27] 2010 Single rectangle GC 0.25 � 0.25 � 1.25 Effects of water inlet pore structure, water inlet

velocity and GC wall wettability on liquid

water distribution.

Partially rough GC bottom surface

With water inlet pore

Akhtar and Kerkhof [22] 2011 Single tapered channel Length: 20 Effects of wall wettability on liquid water behaviors.

height � width (inlet): 1 � 1

height � width (outlet): 0.5 � 1

Smooth GC bottom surface

Without water inlet pore
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the computational domain, some focused on the GC [15e27],

some further considered the cathode of the PEMFC [28e30],

and some more comprehensively took the whole PEMFC into

account [31,32]. For initial liquid water distribution, some

started the simulation with initial given liquid water
distribution [15e22,28,31,32] while others performed the

simulation with liquid water gradually entering the GC from

GDL pores [23e27,29,30]. For the GC bottom surface consisting

of GDL, some simply used smooth bottom surface [15e27]

while some tried to involve the GDL surface microstructures

http://dx.doi.org/10.1016/j.ijhydene.2012.01.101
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Table 2 e Conditions of the baseline case.

Quantity Value

Inlet air velocity, uin 5 m s�1

Inlet mass fraction of oxygen, Yo,in 0.23

Inlet mass fraction of nitrogen, Yn,in 0.71

Inlet mole fraction rate of water vapor, Ywv,in 0.0

Contact angle of GDL, qGDL 140�

Contact angle of GC, qGC 60�

Fig. 1 e Microstructure of carbon paper GDL (TGP 60 with

5% PTFE content, taken by the author’s group in Xi’an

Jiaotong university, China).
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[21,27]. For the coupling process of liquid water and reactants

transport, some concentrated on the liquid water behaviors

[15e30] and some further [31,32] simulated the coupled

process of liquid water transport and reactant transfer. Based

on the above studies, liquid water transport processes in GC

can be summarized as follows: Liquid water forms droplets in

GC after permeating the hydrophobic GDL; the droplets appear

in preferential areas, rather than uniformly along the GC; the

detachment mechanism of a droplet is affected by the air flow

rate from the upstream, channel design and channel surface

characteristics; after detachment, the droplet moves down-

stream principally in the form of droplets, films or slugs. On

the whole, liquid water transport in the GC is significantly

complicated due to its inherently unsteady and nonlinear

characteristics.

Effects of liquid water distributions in GC on reactant

transport are significant as GC acts as the first step to

distribute reactant to the reactive site [33,34]; thus, evaluation

of such effects is quite required for achieving high cell

performance. Liquidwater distribution patterns (or two-phase

flow patterns) in GC have been identified as mist flow, droplet

flow, film flow (annular flow) and slug flow under different

operating conditions and physical parameters [35]. Obviously,

these different flow patterns in GC cause different reactant

transport processes and thus the current density distributions

[36]. However, most of the numerical investigations

mentioned above focused on the behaviors of liquid water

while the reactant transfer was largely neglected. Specially,

the above mentioned simulations using VOF usually decou-

pled reactant transport and reaction from the two-phase

hydrodynamics. Therefore, further studies are required in

which two-phase interface is explicitly tracked and liquid

water effects on reactant transport are quantitatively inves-

tigated. Only very recently, Le and Zhou [31,32] conducted

studies in such coupled way and revealed the great effects of

the liquid water distribution on mass transfer. However,

effects of the various operating conditions on water transport

process in GC were not examined in their study. Besides,

optimization of the GC or GDL structures to improve water

management in PEMFC based on the simulation results, the

ultimate goal of numerical studies of liquid water behaviors in

PEMFC, is still rare in literature and further work is currently

required.

The objective of this paper is to investigate liquid water

behaviors in the cathode side of a PEMFC under different air

inlet velocities and GC wall wettability and to quantitatively

evaluate the effects of liquid water distributions on mass

transport and current density distribution. Efforts are also

devoted to improve the water management in the cathode
side by modifying structures of the GC and GDL based on the

simulation results. The rest of this paper is arranged as

follows. In Section 2 the computational domain and the

numerical methods are introduced. Then, in Section 3 liquid

water behaviors in the GC under different air flow rate, wall

wettability and water inlet position are depicted. Effects of

liquid water distribution on pressure drop in the GC, reactant

transport, current density variation and uniformity of the

current density distribution are investigated. Finally, some

conclusions are drawn in Section 4.
2. Numerical model development

2.1. Computational domain

The bottom wall of the GC is consisted of GDL which is made

of porousmaterials structured by carbon fibers such as carbon

paper and carbon cloth. In a carbon paper GDL, the carbon

fibers are disarranged and misaligned, generating micro-

scopically complex structures of GDL with random distribu-

tions of pore size, as shown in Fig. 1. Therefore, the GDL

surface, or the bottom surface of the GC is very rough. Inmini/

micro channels, the surface microstructures play an impor-

tant role on water flow characteristics [37]. In this study, to

consider the effects of the microstructures of GDL surface on

liquid water dynamics in the GC, a hybrid GDL configuration is

designed which consists of two layers as shown in Fig. 2(a).

The first layer (hereinafter called as first layer GDL) is

homogenous without considering the microscopic porous

structure of GDL, in which physical properties such as

porosity, permeability and gas diffusivity are uniform. Actu-

ally, this layer is similar to the isotropic GDLwidely adopted in

literature in which simulations are based on the macroscopic

continuum models [10e14]. On the contrary, the second layer

(hereinafter called as second layer GDL), sandwiched between

the first layer GDL and the GC, considers the microstructures

of GDL. In this layer, the complex GDL structures are described

as solid cubes dispersed in void spaces, as shown in Fig. 2(a).

The top surfaces of these solid cubes are the top surface of the

http://dx.doi.org/10.1016/j.ijhydene.2012.01.101
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Fig. 2 e Computational domain. (a) hybrid GDL configuration including two layers, (b) Three-dimensional structure,

(c) dimensions of the porous second layer GDL.
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whole GDL, i.e. the bottom surface of the GC. The structure of

the second layer GDL is somewhat simplified compared with

the real structure of a carbon paper GDL as shown in Fig. 1.

Using such simplified structure is a compromise choice as

describing the realistic complex structures of GDL requires

huge computational resources [38,39]. In the literature inves-

tigating liquid water transport process in GC where surface

microstructures of GDL are described, such simplified GDL is

commonly used (for example uniformly distributed circular

pore structure used in [27] and rectangular rib structure used

in [21]) and generally meaningful and helpful results have

been obtained [21,27]. On the whole, the hybrid GDL is

consciously constructed for two purposes. One is to consider

the interaction between liquid water and microstructures of

the GDL surface. The other is to save computational resources,

since describing the whole GDL as real complex structures

requires extremely huge computational resources [38,39].

In an operating PEMFC, liquid water enters the GC from

preferential pathway with largest pores within the GDL [2,40].

Within the GDL, the preferential pathway is greatly tortuous

[41]. In addition, practically liquid water emerges from GDL at

several random locations, and coalescence of liquid water

from these random locations usually occurs in the GC [4]. To

focus on the dynamics of a single liquid water droplet, the

coalescence phenomenon is not considered and the compli-

cated pathway within the GDL is simply regarded as a straight

pore completely permeating the GDL in the present study

which is similar to Ref. [23,25,26], as shown in Fig. 2(a). Liquid

water generated by electrochemical reaction totally invades

into the pore and then enters the GC.

The entire computational domain is schematically shown

in Fig. 2(b), including a rectangle GC, the hybrid GDL and a CL.

The CL is treated as an ultra-thin layer located on the bottom

surface of the computational domain, and electrochemical

reaction occurs on this surface. The dimensions of the whole

computational domain and local dimensions of the GDL are

presented in Fig. 2(b) and (c).

2.2. Model assumptions

The general transport process in the domain can be briefly

described as follows: air flows into the GC at the left inlet,

transports through the second layer GDL, penetrates the first

layer GDL and finally arrives at the CL, i.e. the bottom surface

of the computational domain. At the bottom surface, elec-

trochemical reaction occurs and oxygen is consumed and

water is generated. The generated liquid water invades into

the specified pore in the GDL and then enters the GC. In the

GC, liquid water grows, deforms and moves towards the GC

outlet. The distributions and transport processes of liquid

water in turn strongly affect reactant transport and thus the

cell performance. In order to numerically explore the basic

features of the above complex processes, the following

assumptions, which are common in literature

[16e18,21,23,25,27,28,30], are made:

1. The gas is ideal gas.

2. The fluid flow is isothermal, unsteady, laminar, and

incompressible. It is worth to mention that temperature

plays important roles on cell performance. It causes
evaporation or condensation between liquid water and

water vapor, affects transport parameters including diffu-

sivity and iron conductivity, and changes the electro-

chemical reaction rate. In the present work, the phase

change between liquid water and water vapor is not

considered (see Assumption 3 below), a common assump-

tion in literature using VOF to study two-phase hydrody-

namic in GC [16e18,21,23,25,27,28,30]. Besides, only half

PEMFC without PEM is investigated and thus effect of

temperature on proton conductivity is eliminated. On the

whole, effects of temperature on cell performance are

limited and the isothermal assumption is reasonable in the

present study.

3. There is nomass transfer between the gas and liquid water,

namely evaporation or condensation is neglected. In an real

operating PEMFC, evaporation plays an important role for

the removal of water in the GC under certain operating

conditions. For example, experiment results in Ref. [4] show

that liquid water completely evaporated in the GC when

raising cell temperature to 60 �C and water is removed out

of the GC mainly in the vapor phase. In the present study,

emphasis is put on liquid water dynamic behaviors in the

GC and thus evaporation is not considered. Neglecting

evaporation is a common assumption in literature where

focus was on liquid water transport processes

[16e18,21,23,25,27,28,30].
2.3. Governing equations

In this study, for solving fluid flow and species transport the

physical models include the following three conservation

principles: mass, momentum and species concentration. In

addition, a volume fraction equation based on VOF method is

used to track the gaseliquid interface. For completeness, only

a brief introduction to these governing equations is given in

the following paragraphs. For more details one can refer to

Refs. [31,32].

The continuity equation and momentum equation are:

vðrÞ
vt

þ V$ðruÞ ¼ 0 (1)

vðruÞ
vt

þ V$ðruuÞ ¼ �Vpþ V$
�
m
�
Vuþ VuT

��þ rgþ F (2)

where p is the pressure. r and m are volume averaged density

and dynamic viscosity, respectively, which are calculated

with linear interpolation using the volume fraction function of

liquid and gas sl and sg

r ¼ slrl þ sgrg (3)

m ¼ slml þ sgmg (4)

Note that the sum of sl and sg is unity in a computational

cell.

F in Eq. (2) is a momentum source term related to forces

except the gravity force. In the GC and the second layer GDL,

surface tension force is considered by adopting the continuum

surface force (CSF) model [42] and F is expressed as

http://dx.doi.org/10.1016/j.ijhydene.2012.01.101
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F ¼ 2sk
rVsl�

rl þ rg

� (5)

wheres is the surface tension coefficient and k is the mean

curvature of the liquid/gas interface which is computed from

the local gradient of surface normal n at the interface

k ¼ V$

�
n
jnj

	
(6)

where n is defined as the gradient of sl

n ¼ Vsl (7)

In the first layer GDL, the Darcy drag force is also added into

the momentum source term, thus F is calculated by

F ¼ 2sk
rVsl�

rl þ rg

�� m

kp
u (8)

where kp is permeability of the first GDL layer.

In this study, the inlet air is dry with inlet mass fraction of

water vapor of zero and the water generated is assumed to be

liquid water, thus water vapor transport is absent in the

simulation. Only the oxygen transport equation is solved. The

species transport equation for oxygen is expressed as follows

v
�
rgY

�
vt

þ V
�
rgugY

�
¼ �V

�
rgDeffVY

�
(9)

where Y is the mass fraction of oxygen. Deff is the effective

diffusion coefficient and is determined as follows [31]

Deff ¼ ½εð1� slÞ�1:5D0 (10)

where ε is the porosity of GDL and D0 is the binary diffusion

coefficient.

VOF is a surface-tracking method that can be used to study

the position of interface between two immiscible fluids. The

first algorithm of VOF was developed by Hirt and Nichols [43].

In the VOFmethod, a volume fraction function sk of kth fluid is

defined which is computed in each computational cell. sk ¼ 1

means the computational mesh is full of kth fluid, 0 < sk < 1

means the computational cell is partially occupied by kth

fluid, and sk ¼ 0 means there is no kth fluid in the computa-

tional cell. The sum of sk in a computational cell is unit. In this

study, the tracking of the liquidegas interface is accomplished

by solving the following equation in each computationalmesh

vðslrlÞ
vt

þ V$ðslrlulÞ ¼ 0 (11)

2.4. Boundary conditions

The following boundary conditions for the computational

domain shown in Fig. 2(b) are specified for simulations [25,34]:

(1) At the GC inlet, velocity and species mass fractions are

given

u ¼ uin; v ¼ 0; w ¼ 0; Yo ¼ 0:23; Yn ¼ 0:77;

sl ¼ 0; p ¼ pin

(12)
where the subscripts o and n represent oxygen and nitrogen,

respectively. In this work, only a GC with finite length greatly

shorter than typical length of a GC in real PEMFC is simulated

and the increasingly prominent accumulation of liquid water

towards the GC outlet of a PEMFC is not considered. For more

details of such accumulation phenomena towards the GC

outlet one can refer to [28].

(2) At the GC outlet, out flow boundary condition is adopted

vu=vx¼ 0; vv=vx¼ 0; vw=vx¼ 0; vp=vx¼ 0; vYo=vx¼ 0;

vYn=vxn ¼ 0; vsl=vx¼ 0; (13)
(3) At the front ( y� 0 mmand z¼ 290 mm) and back boundaries

( y � 0 and z ¼ �290 mm) of the hybrid GDL, symmetry

boundary condition is applied (see Fig. 2(b)).

(4) On all the solid walls in the computational domain

u ¼ 0; v ¼ 0; w ¼ 0; vYo=vn ¼ 0; vYn=vn ¼ 0 (14)
(5) At liquid water inlet on the bottom surface of the GDL

( y¼�180 mm, 530mm� x� 590 mm, and�30mm� z� 30 mm,

see Fig. 2(b) and (c)) [26]

u ¼ 0; v ¼ vin; w ¼ 0; Yo ¼ 0; Yn ¼ 0; sl ¼ 1 (15)
(6) On the bottom surface (the reactive surface)

u ¼ 0; v ¼ 0; w ¼ 0; vYn=vn ¼ 0; DvYo=vn ¼ �Mo

4F
J; (16)
where Mo is the molecular weight of oxygen and F is the

Faraday constant. J is the cathode transfer current density and

is calculated by ButlereVolmer correlation relating the local

current density to the reactant concentrations [34]

J ¼ Jref

�
CO

CO;ref

	rc

exp

�
�aF
RT

h

	
(17)

where Jref is the reference exchange current density, a is the

transfer coefficient and R is the gas constant. h is the local

surface over-potential. rc is the cathode concentration

dependence. During the simulation, constant h is specified on

the bottom surface, as given in Table 3. After simulation

convergence is achieved, local current density on the CL

surface is calculated according to Eq. (17). The average current

density is obtained by averaging local current density on the

reaction surface.

Values of the parameters required for the boundary

conditions descried above are listed in Table 2 and Table 3.

2.5. Numerical procedures

In this study, the computational domain is meshed into about

620,000 grid cells for the baseline case by adopting Gambit 2.3

mesh generation software. Then, it is imported into CFD

software Fluent 6.3.26 [44] which uses a control-volume-based

technique to discrete governing equations into forms that can

be solved numerically. In Fluent, pressure-based segregated

solver is adopted for an unsteady laminar incompressible flow

http://dx.doi.org/10.1016/j.ijhydene.2012.01.101
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Table 3 e Parameters used in the simulation.

Quantity Value

Porosity of the second

layer GDL, ε

0.7

Permeability of the

second layer GDL, kp

1.0 � 10�11 m2 [10]

Operating temperature, T 333 K

Operating pressure, p 101325 Pa (1 atm)

Universal gas constant, R 8.314 J mol�1 K�1

Faraday’s constant, F 96487 C mol�1

Surface tension coefficient, s 0.0725 N m�1

Over-potential specified on

the bottom surface, h

0.5 V

Diffusivity of oxygen in air, DO 2.84 � 10�5 m2 s�1 [10]

Cathode transfer coefficient, a 0.5 [32]

ORR reduction order, gc 1 [10]

Cathode volumetric reference

exchange current

density/reference oxygen

concentration, Av jref/(CO,ref)
rc

120 A mol�1 (assumed)
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with Green-Gauss cell based gradient evolution. The pressure

and velocity are calculated using a body-force-weighted

interpolation scheme for computing face pressure and the

pressure-implicit with splitting of operators (PISO) scheme for

coupling the velocity-pressure. An explicit VOF formulation is

adopted to track the interface between the liquid water and

air. Second order upwind scheme is used to discrete the

convective terms. User defined functions (UDF) are written

using Cþþ for the effective diffusivity in the GDL and

boundary conditions of oxygen mass fraction on the bottom

surface (reactive surface). For all the simulations in this study,

the allowed residual is set as 10�6 to ensure the simulation

converged. The grid independence is checked by using three

different grid systems. The time step is 10�7 s, which is set up

from the time-step independence examination by using three

time steps as 1.5 � 10�7, 10�7 and 8 � 10�8 s.
3. Results and discussion

In this section, liquid water transport processes in the GC

under different air velocity and wall wettability are depicted.

Then, effects of liquid water distribution on pressure drop in

the GC, mass transport and current density distributions are

discussed. Table 2 lists the conditions for the baseline case.

Table 3 gives values of the parameters used in the model.
3.1. Liquid water transport behaviors

3.1.1. Baseline case
Fig. 3(a) displays the time evolution of liquidwater interface in

the computational domain for the baseline case. Liquid water

emerges from the GDL pore into the GC and gradually forms

a droplet with approximatively spherical-cap shape due to the

dominated surface tension force (t ¼ 0.017s). As the droplet

grows bigger, the GC is gradually blocked and air flow becomes

increasingly faster. The faster air flow induces stronger shear

force and pressure forces exerted on the liquid droplet which
thus elongates downstream. Once the droplet grows bigger

enough, the enhanced shear force and pressure force over-

whelm the surface tension force and accelerate the bulk of the

droplet towards the downstream. Apparently, the droplet

accelerated has a higher velocity than the liquid water just

emerges from the GDL pore; thus, it detaches from the GDL

pore and moves rapidly towards the outlet of the GC

(t ¼ 0.020 s). During its movement towards the downstream,

the detached droplet is lifted by the air around it and touches

the GC topwall, being shaped like a nipple (t¼ 0.0204 s). Due to

the hydrophility of the GC topwall, pressure inside the droplet

decreases from the bottom up at this moment. Hence, the

detached droplet is entirely sucked to the GC top surface due

to this pressure gradient and soon widely spreads as water

film on the top wall of the GC (t ¼ 0.024 s). The water film

formed is then pushed by the air flow andmoves downstream

the GC. The above liquidwater transport process can be briefly

described as droplet growth, droplet detachment, droplet lift,

droplet attachment to the top wall, and water film spreading

on the top wall of GC. Such transport process is the first water

transport pattern identified in this study. In the following

sections, other patterns will be observed under different inlet

air velocities and wall wettability. It is worth mentioning that

here and in the later presentation only a cycle of liquid water

transport process is depicted, which is enough because liquid

water behaviors in the GC exhibit periodic characteristics

[5,25]. Here, a cycle is defined as the time from the moment

that liquid water emerges from the GC to the moment the

detached liquid water is completely drained out of the GC.

It is notable that the lift phenomenon of the detached

droplet occurs under relatively smaller GDL contact angle

compared with the simulation results in [25] where the GDL

surface is smooth. Under the same air and water inlet veloc-

ities with the present study, the detached droplet still adheres

to the GC bottom surface when GDL contact angle is 140� and
the lift phenomenon is observed until the GDL contact angle

increases to 180� in [25]. The easier lift of the detached droplet

in the present study is because the rough GDL surface adopted

in the present study provides less adhesion to the liquid

water.

3.1.2. Effects of air velocity
Liquid water behaviors and distributions in the cathode side

are greatly affected by air flow rates [2]. In this section, air inlet

velocities of 1 and 3 m s�1 are selected to investigate the

effects of air flow rate on liquid water dynamics. Other

boundary conditions are the same as the baseline case.

Fig. 3(b) displays the time evolution of liquid water inter-

face in the computational domain for inlet air velocity as

3m s�1. Comparedwith the baseline case, the slow air velocity

allows the droplet to grow so big that it touches one of the side

walls and quickly spreads on the hydrophilic surface of the

side wall (t ¼ 0.021 s, t ¼ 0.0228 s). Soon after, the spreading

film climbs up to the corner between the top wall and the side

wall, shaping like a quarter of an egg (t ¼ 0.024 s). Then, the

film moves along the corner towards GC outlet (t ¼ 0.036 s).

Fig. 3(c) shows the time evolution of liquid water interface

in the computational domain for inlet air velocity as 1 m s�1.

Compared with that in Fig. 3(a) and (b), the droplet grows so

bigger that it is attached to both the side walls of the GC due to
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Fig. 3 e Time evolution of liquid water interface in the computational domain. (a) baseline case, air inlet velocity is 5 m sL1, GD contact angle as 140�, (b) air inlet velocity is

3 m sL1 (c) air inlet velocity is 1 m sL1 (d) GDL contact angle as 100�
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the further reduced air inlet velocity. Owing to the instability

of air flow, the bulk of the liquid water mainly spreads on one

side wall, leaving a fraction of liquid water on the other side

wall (t¼ 0.0196 s). The bulk of the liquid water thenmounts up

to the corner between the top wall and the side wall, pre-

senting as water film. Compared with Fig. 3(b), the water film

is not localized in the corner but further spans across the

entire top wall (t ¼ 0.0232 s), as surface tension force over-

whelms the shear force under the low air flow. The water film

across the top wall collects the remaining fraction of liquid

water (t ¼ 0.0232 s) and moves downstream the GC

(t ¼ 0.0412 s).

The above liquid water transport processes can be shortly

described as droplet growth, droplet attachment to the side

walls, droplet detachment from the GDL pore, spreadingwater

film on the top wall or in the corner between the side wall and

the top wall. This transport process is the second water

transport pattern found in this study. Compared with the

baseline case, the droplet attachment occurs before the

droplet detachment, due to the lower air velocitywhich allows

the droplet to grow much bigger.

3.1.3. Effects of contact angle
GDL contact angle also plays an significant role on liquidwater

distributions [24]. Therefore, simulation with GDL contact

angle of 100� is performed in this section. Other boundary

conditions are the same to the baseline case.

Fig. 3(d) shows the time evolution of liquid water interface

in the computational domain for GDL contact angle as 100�.
Compared with the baseline case, the droplet detaches with

a higher volume due to the lower GDL contact angle

(t ¼ 0.0263 s) [25]. Immediately after the detachment, the

droplet tends to shrink in the flow direction and slightly

expands laterally ( y and z direction) under the effects of

surface tension force; thus it touches the side walls due to its

relatively large volume and forms a dumbbell-like shape

(t¼ 0.0265). Then, the detached droplet quickly spreads on the

side wall, climbs up to the top wall and moves towards the

outlet of GC (t ¼ 0.029s).

The above liquid water transport process can be briefly

described as droplet growth, droplet detachment, droplet

attachment to the side wall, and water film spreading on the

top wall. This is the third liquid water transport pattern found

in this study. Compared with the baseline case, liquid water is

not lifted because the adhesion force between liquid water

and the GDL surface increases as contact angle decreases.

Note that in the present study, simulations are also per-

formed for the following three cases: air inlet velocity of

0.1m s�1, GC contact angle of 40� andGDL contact angle of 120�

(In the three cases, other conditions are the same to the

baseline case). The simulation results are not presented in

detail for simplicity, and only a brief description is given

below. For the case with air inlet velocity of 0.1 m s�1, the air

flow is not sufficient to sweep the liquid water and the GC is

completely blocked, the fourth flow pattern predicted in the

present study. For the case with GC contact angle of 40�, the
transport process of liquid water is quite similar to the base-

line case, with more elongated water film along the flow

direction. For case with GDL contact angle of 120�, the

detached droplet always slides on the GC bottom wall and is
finally removed out of the GC (For more details of such trans-

port process one can refer to [25]), which is the fifth flow

pattern found in the present study. Indeed, liquid water

transport processes in GC are various and can be easily

changed even one of the various operating conditions and

geometrical conditions alters [1]; and this is exactly the cause

that arouses extensive studies on liquidwater dynamics inGC.

3.2. Effects of liquid water distribution on pressure drop
in the GC

Now attention is turned to the effects of liquid water distri-

butions on pressure drop in the GC, mass transport and

current density distribution. Pressure drop in the GC is one of

the key operating parameters to the cell efficiency. In an un-

obstructed channel, the pressure drop over a length L should

be proportional to the velocity

Dp ¼ 128mAuinL

pD4
(18)

whereD is the hydraulic diameter andA is the area of the inlet

[45]. Substituting related variables in this study into Eq. (18),

the pressure drop calculated is about 18.1uin Pa in the GC free

of liquid water. Fig. 4(a) shows the time evolution of pressure

drop between GC inlet and GC outlet in a cycle under different

inlet air velocity, where the time is normalized by the time of

a cycle for each case. As can be seen in Fig. 4(a), the pressure

drop in the GC free of liquid water at initial time is about 19 Pa,

58 Pa and 101 Pa for inlet air velocity of 1, 3 and 5 m s�1,

respectively, agreeing well with the calculated value using

Eqs. (18) (18.1, 54.3 and 90.5 Pa for inlet velocity of 1, 3 and

5 m s�1, respectively).

The overall changing trends of the pressure drop under

different air inlet velocities are quite similar to each other.

Thus, only the variation of the pressure drop for the baseline

case is discussed without loss of generality. As time prog-

resses, the pressure drop greatly increases because the GC is

gradually blocked by the growing droplet, and undergoes

a maximum when the liquid droplet is detached because the

GC is most severely blocked at that moment. Then, the pres-

sure drop sharply falls down when the detached droplet

spreads as water film. Interestingly, the spreading water film

only slightly increases the pressure drop in the GC, compared

with that at the initial time when GC is free of water. This is

because most of the cross-section of the GC is available for air

flow if liquid water spreads on the hydrophilic surface of the

top wall. In fact, it has been found that a small decrease of the

wall contact angle can create a substantial decrease in the

blockage of a channel and thus a great decline in the pressure

drop [46].

Note that in Fig. 4(a) that as air inlet velocity decreases, the

pressure drop at the end of a cycle is more comparable to the

peak pressure drop in this cycle. This implicitly indicates that

the next cycle has been developedmore adequately at the end

of the previous cycle as air inlet velocity decreases.

Fig. 4(b) shows the variation of pressure drop under

different GDL contact angles. Before the detached droplet is

attached to the top wall, the pressure drop reduces as the GDL

contact angle decreases, since smaller GDL contact angle

leads to lower droplet in the GC [25]. After the droplet is
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Fig. 4 e Pressure drop between GC inlet and GC outlet in

a cycle of liquid water transport. (a) different air inlet

velocities, (b) different GDL contact angles.
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attached to the top wall, the pressure drop slightly increases

as GDL contact angle decreases. This is because the volume of

water film spreading on the top wall is larger for lower GDL

contact angle, due to the larger detached volume of the water

droplet.
Fig. 5 e Oxygen mole fraction distributions along flow

direction (x axis) at some typical times for the baseline

case.
3.3. Effects of liquid water distribution on mass
transport and current density distribution

The general effects of liquid water distributions in the

computational domain on the mass transport and current

density distributions under different air velocities and GDL

contact angles are quite similar; therefore, in the following the

oxygen transport and current density distributions of the

baseline case is used for the general discussion.

Liquid water in the GC can significantly affect the oxygen

distribution and the corresponding current density distribu-

tion. Fig. 5 displays oxygen mole fraction distributions along

flow direction (x axis) at some typical times for the baseline

case. The contours of the oxygen mass fraction are shown at

three slices in z direction. The selected times are very
representative to discuss effects of liquid water in the GC on

reactant transport. It should be mentioned that length ratio

between z axis and x axis in Fig. 5 is magnified to provide

clearer images. In all the images of Fig. 5, the familiar

phenomenon is that the oxygen mole fraction gradually

decreases from the GC to the GDL, due to the continual

consumption of oxygen by reaction. Fig. 6 presents the cor-

responding distributions of local current density on the reac-

tive surface (bottom surface of the computational domain).

The familiar phenomenon is that local current density

http://dx.doi.org/10.1016/j.ijhydene.2012.01.101
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Fig. 6 e Current density distributions on the reactive

surface at some typical times for the baseline case.

Fig. 7 e Velocity magnitude around the water film on the

top wall of the GC.
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generally decreases along the flow direction, as the oxygen

concentration is gradually reduced. Besides, the local current

density in the center of z axis is higher than that in bothwings,

due to the land shielding effect.

Now attention is turned to the effects of liquid water

distribution on local oxygen transport and local current

density distribution. At t ¼ 0.005 s when the liquid water

gradually grows bigger, oxygen is forced to transport in the

constricted region between the droplet and the GC (shown in

the center slice in Fig. 5(a), z ¼ 0 m). In this constricted region,

contours of the oxygen mass fraction are greatly elongated to

the downstream due to the local stronger air flow. Fig. 6(a)

shows the corresponding current density distribution on the

reactive surface. The distribution of the current density is

greatly affected by the specified pore in the GDL.

At t ¼ 0.020 s when the detached droplet is formed, the

contours of the oxygen mole fraction under the droplet

substantially deflect deep into the GDL (shown in the dashed

rectangle in Fig. 5(b)), indicating local enhanced transport of

oxygen towards the reactive site. This is because air flow also

bypasses into the porous GDL underneath the droplet, thus

improving local reactant supply to the reactive site. Obviously,

such local improved oxygen supply creates stronger local

reaction and thus higher local current density as shown by the

peak region in Fig. 6(b). Interestingly, the current density on

the entire reactive surface is considerably increased in Fig. 6(b)

compared with that in Fig. 6(a), indicating that a detached

droplet with appropriate size in the GC provides better cell

performance. In fact, in such scenario the detached droplet

plays a similar role to a blockage transversely installed in the

GC [34]. Perng et al. [34] found that a rectangle in the GC

effectively enhances the performance of PEMFC, as the
rectangle positively forces the reactants to permeate deep into

the GDL.

At t¼ 0.022 s when the liquidwater filmmoves towards the

GC outlet, the contours of the oxygen mole fraction under the

water film slightly deflect towards the GDL, as shown in

Fig. 5(c), also indicating the local enhanced transport of

oxygen towards the reactive site. This is because the water

film on the top wall induces an air flow towards the GDL, thus

enhancing oxygen transport towards the reactive site and

leading to relatively higher current density on the reactive

surface under the water film (see Fig. 6(c)), compared with

Fig. 6(a) and (b). Actually, the water film on the top wall plays

a similar role to the wave structures on the topwall in a wave-

like GC [33]. Kuo et al. [33] found that the wave-like structure

on the top wall of GC yields a significant increase in the

velocity towards the GDL, resulting in increased reactant

supply to the reactive site and thus enhanced cell perfor-

mance. Fig. 7 presents the velocity magnitude around the

water film, clearly showing local higher air velocities towards

the GDL induced by the water film (in the dashed rectangle).

It should be mentioned that a droplet closely connected to

the emergence pore contributes little to force the air flowing

into the GDL, because GDL under the emergence pore is filled

with liquid water and is not available to reactant transport

(see the center slice of Fig. 5(a)). Thus, air mainly flows around

the droplet in the GC. As the bulk of the droplet gradually

leaves the emergence pore and moves downstream, GDL

under the droplet is increasingly available and the enhance-

ment of reactant supply to the reactive site under the droplet

can be gradually obtained.
3.4. Variation of the averaged current density and
nonuniformity of the current density

Section 3.3 presents a detailed discussion of effects of liquid

water distributions on mass transport and current density

distribution. In this section, an overall estimation of the liquid

water effects on cell performance is provided. Fig. 8(a) illus-

trates the time evolution of averaged current density on the

reactive surface for the baseline case, clearly disclosing that

liquid water in the GC causes temporal disturbances of the

current density. The averaged current density first decreases

at the initial stage when GDL under the droplet is not available

to the air flow, then gradually increases when the droplet

creeps downstream and the GDL under the droplet is

increasingly available, goes through a peak value when the

droplet is detached, and then decreases again when the water
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Fig. 8 e Time evolution of averaged current density and nonuniformity of the averaged current density on the reactive

surface. (a) baseline case, (b) air inlet velocity is 3 m sL1 (c) air inlet velocity is 1 m sL1 (d) GDL contact angle as 100�.
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film is formed on the top wall. The change trend of the aver-

aged current density is expected based on the discussion in

Section 3.3. Moreover, the detached droplet leads to higher

averaged current densities than the water film on the topwall,

but this is with the penalty of a higher pressure drop as shown

in Fig. 4.

Nonuniform current density distribution in PEMFC can

induce local variations in the membrane conductivity, cell

temperature andwater concentration, causing stresses on the

membrane and reducing the lifetime of the cell. Here the

nonuniformity of the local current density is evaluated, which

is defined as follows

d ¼
P

Iði; jÞ � Iavg



Aði; jÞ
AIavg

(19)

where I(i, j ) is the local current density, Iavg is the average

current density. A(i, j ) is the area of one computational cell

and A is the total area of the reactive surface. The operator j j
denotes absolute value function. Fig. 8(a) shows the time

evolution of nonuniformity of the current density. The

detached droplet increases the nonuniformity, because it

creates a local peak region as shown in Fig. 6(b). On the

contrary, water film creates more uniform current density

distribution, even better than the initial time when the GC is

free of liquidwater, because it ameliorates the reactant supply
downstream the GC and thus leads to more uniformly

distributed current density there as shown in Fig. 6(c).

The above simulation results show that the detached

droplet in the GC and water film on the GC top wall can

enhance the cell performance. Moreover, if liquid water in the

PEMFC is unavoidable, the flow pattern of liquid water film on

the top wall is more desirable based on an overall evaluation

of the magnitude of the current density, uniformity of current

density distribution and pressure drop in the GC.

Fig. 8(b) and (c) show the time evolution of averaged

current density on the reactive surface and nonuniformity of

the local current density for air inlet velocity of 3 and 1 m s�1,

respectively. The averaged current density reduces with

decreasing inlet air velocity, which is expected because the

slower the air velocity is, the less the oxygen is supplied to the

reactive sites. The nonuiformity increases as the inlet air

velocity decreases, because lower air inlet velocity provides

less oxygen available to reactive surface in the downstream

region of the GC. In addition, both the change trends of aver-

aged current density and nonuniformity of current density

distribution are similar to the baseline case, further confirm-

ing the conclusion that liquid water film on the top wall of GC

is the most desirable flow pattern. Fig. 8(d) shows the time

evolution of averaged current density on the reactive surface

and nonuniformity of the local current density for GDL
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Fig. 9 e Larger pores perforated in the GDL near the side

wall of the GC.
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contact angle of 100�. The change trend is similar to the

baseline case, but the averaged current density is smaller than

the baseline case on the whole, because more GDL surface is

covered by liquid water under smaller GDL contact angle [25].
3.5. Modification of the GDL structure

Based on the above simulation results, themost desirable flow

pattern of liquid water in the GC is water film on the top wall

of GC. This is becausewater film on the topwall creates higher

and more uniform current density at the cost of slightly
Fig. 10 e Time evolution of liquid water interface in the computa

the GC.
increased pressure drop in the GC. Note that achieving this

desirable flow pattern doesn’t requiremuch high air flow rate,

and air inlet velocity as low as 1 m s�1 is sufficient in this

study. In fact, this desirable flow pattern is similar to the

annual flow pattern observed in [2], and Trabold also recom-

mended to operate the channels in this flow pattern [47].

While such flow style can be obtained by operating PEMFC

under suitable operating conditions, it also can be promoted

bymodifying GDL geometries. Recently, there have been some

researches to artificially perforate larger pores in the GDL to

obtain a better water management in the GDL [48]. Liquid

water in the GDL preferentially selects these large pores to

invade and then enters the GC, leaving other regions within

the GDL free of liquid water. Thus, the hysteresis of cell

performance is alleviated and the cell performance is

substantially improved [48]. Based on the simulation results in

the present study, the beneficial effects of these pores can be

further enhanced by arranging these pores near the GC side

walls (shown in Fig. 9) rather than at the center of the GC in

[48], since liquid water can be more easily and quickly wicked

to the hydrophilic side walls of GC and effectively forms the

desirable flow pattern. Simulations with this suggested pore

arrangement in the present study also are performed and the

results are presented in Fig. 10. In Fig. 10, liquid water enters

the GC (t ¼ 0.001 s), quickly touches the side wall (t ¼ 0.002 s)

and easily forms the desirable flow style (t ¼ 0.020 s),

compared with the baseline case with the arrangement at the

center of the GC as shown in Fig. 3(a). In addition, such pore

arrangement is also likely to alleviate flooding within the GDL

under the land as liquid water accumulated there can easily

migrate into these large pores, leaving large part of the GDL

free of liquid water.
tional domain for water inlet position near the side wall of
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4. Conclusion

In this study, liquid water behaviors in the GC under different

inlet air velocity, wall wettability and water inlet positions are

investigated, where a hybrid structural model is adopted to

consider the GDL surface microstructures. Effects of liquid

water distribution on pressure drop in the GC, reactant

transport, current density and uniformity of current density

distribution are explored. The main conclusions can be

derived as follows:

(1) Liquid water behaviors and distributions in the GC are

quite variable and greatly depend on operating conditions

and geometrical conditions. In this study, several kinds of

liquid water distributions are numerically identified

including water film spanning across the top wall, water

film in the corner between the top wall and the side wall,

and droplets on the GDL surface.

(2) The presence of liquid water in the GC increases the

pressure drop in the GC. Droplets can severely block the GC

and induce high pressure drop. Water film on the top wall

only slightly increases the pressure drop in the GC.

(3) Liquid water distributions in the GC significantly influence

the reactant transport and current density distribution.

With appropriate size and position, a droplet (liquid water

film on the top wall) in the GC generates higher current

density. However, the liquid water droplet causes local

peak region of current density and leads to high nonuni-

formity of current density distribution. On the contrary,

liquid water film on the top wall can improve the reactant

supply downstream the GC and generates more uniform

distribution of current density.

(4) The flow pattern of liquid water film on the top wall of the

GC is desirable based on an overall evaluation of the

magnitude of the current density, uniformity of current

density distribution and pressure drop in the GC.

(5) Perforating larger pores within the GDL near the side wall

of the GC rather than at the center of the GC is helpful to

form the desirable flow pattern of liquid water film on the

top wall of the GC.
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Nomenclature

A Area, m2

C Concentration, mol m�3

D Diffusivity, m2 s�1

D Hydraulic diameter, m

F Faraday’s constant, C mol�1

Fstf Surface tension force due to droplet deformation, N

F Force, N
g Gravity acceleration, m s�2

I Local current density, A m�2

J Transfer current density, A m�2

Jref Reference exchange current density, A m�2

L Length, m

k Mean curvature of the interface, m

kp Permeability, m2

M Molecular weight, kg mol�3

n, n Surface normal

p Pressure, Pa

R Universal gas constant, J mol�1 K�1

s Volume fraction function

t Time, s

T Temperature, K

u Velocity, m s�1

Uin Average air inlet velocity, m s�1

u,v,w Velocity, m s�1

w Width of the droplet base, m

Y Mass fraction

x,y,z Coordinate

Greek symbols

a Azimuthal angleCathode transfer coefficient

d Nonuniformity

ε Porosity

gc ORR reaction order

h Over potential, V

m Dynamic viscosity, N s m�2

s Surface tension coefficient, N m�1

q Contact angle, degree

r Density, kg m�3

Subscripts

avg average

in Inlet

n Nitrogen

o Oxygen

l Liquid water

g gas
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