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bstract

In this study, a two-fluid (TF) model is developed for two-phase flows in proton exchange membrane fuel cells (PEMFCs). The drag force and lift
orce between gas and liquid phase are considered in N-S equations. In addition, a simplified model is introduced to obtain the liquid water droplet
etachment diameter on the gas diffusion layer (GDL)/channel interface which involves the properties of the GDL/channel interface (contact angle
nd surface tension). The TF model and the simplified model for the prediction of water droplet detachment diameter on GDL/channel interface
re validated by the comparison between the experimental data and the model results, respectively. The effect of the properties of GDL/channel

nterface (contact angle and surface tension) on two-phase behavior in PEMFCs is investigated, The results show that a high contact angle and a
ow surface tension are advantageous for liquid water removal in the gas channel and the GDL even though a low surface tension will lead to a low
apillary force in the GDL.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane fuel cells (PEMFCs) are
egarded as the most promising energy conversion systems for
uture automobiles and stationary applications nowadays. Water
anagement is the key issue in PEMFCs, and is a significant

echnical challenge. On the one hand, sufficient water is needed
n the membrane to maintain sufficiently high proton conductiv-
ty, but on the other hand, excess liquid water in the electrode can
ause ‘flooding’, and hinders the transport of the reactant from
he gas channel to the catalyst layer. Liquid water transport in
EMFCs occurs as follows: (1) water is produced in cathode cat-
lyst layer, and liquid water transports within the gas diffusion
ayer (GDL) by capillary-driven flow. (2) Liquid water droplets
ppear on the GDL/gas channel interface and are removed by the
as shearing function [1–4]. (3) Liquid water travels in the gas

hannel. Wang and co-workers [3] have observed the emergence,
rowth and detachment of liquid water droplet on the GDL/gas
hannel interface. Recently, they [5] have measured the size of
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rface; Liquid water removal

he droplet on the GDL/gas channel interface, and find that liquid
ater can transport through the gas channel without interaction
ith channel wall at high gas velocity. Modeling liquid water
ehavior in PEMFCs will help to optimize the water manage-
ent and the design of PEMFCs. At present, much modeling
ork has been done [6–12]. He et al. [6] developed a two-phase
odel of water transport in GDL for a two-dimensional cross-

ection of PEMFCs. They introduced a transport equation for
iquid water in GDL which involved an advection term (due to
ulk flow) and a diffusion term (due to capillary-driven flow). In
iegel’s work [7], he assumed that the liquid phase had the same
elocity with the gas phase, so the work is independent on the
ransport of liquid water in gas channel. He also considered the

ass transfer in the catalyst layer in detail, which includes mass
ransfer among liquid phase, gas phase and polymer phase. Liu
nd co-workers [8–10] have employed the mixture model for
wo-phase behavior in PEMFCs, which can describe the liquid
ater behavior in GDL and gas channel with the advantages of

implicity and low cost of the calculation. Wang et al. [11] also

ntroduced the mixture model to describe two-phase behavior
n PEMFCs, and they predicted that the liquid water saturation
ithin the cathode will reach 6.3% at 1.4 A cm−2 for dry inlet

ir. In the continuation of this work, Wang and co-workers [12]

mailto:zczhao55@163.com
dx.doi.org/10.1016/j.jpowsour.2006.09.059


G. He et al. / Journal of Power Sources 163 (2007) 864–873 865

Nomenclature

C concentration (mol cm−3)
CL lift coefficient
CLa constant for CL (0.2)
dc mean pore diameter
D diffusion coefficient (cm2 s−1)
Db characteristic droplet size (cm)
F Faraday’s constant
h water droplet height (cm)
J reaction rate
K constant for droplet size
M molar mass (kg mol−1)
Ml interface force of liquid (N)
Mg interface force of gas (N)
n number of electrons
P pressure (Pa)
q switch function
R universal gas constant (J mol−1 K−1)
Re Reynold number
s water saturation
T temperature (K)
U velocity (cm/s)
Vcell cell voltage (V)
Voc open circuit voltage (V)
x mass fraction
y molar fraction

Greek letters
ε volume fraction
φ potential (V)
λ polymer water content H2O/SO3
μ viscosity (Pa s)
θ equilibrium contact angle on diffuser
ρ density (kg cm−3)
σ surface tension (N cm−1)

Subscripts
a anode
c cathode
C about capillary
d diffusion layer
Darcy Darcy pressure loss
e about electron
g gas phase
H2 hydrogen
i note for species
j note for species
l liquid phase
m polymer phase
mix gas mixture
O2 oxygen
R relative
w water
wd water dissolved in polymer

wp water production
wv water vapor

Superscripts
D drag force
eff effective
L lift force
p polymer
ref reference
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sat water saturated

imulated the function of a microporous layer between cath-
de GDL and catalyst layer with the mixture model. Meng and
ang [13] have developed an experimental submodel to con-

ider liquid coverage at the GDL/gas channel interface. In the
resent work, the size of liquid water droplet detached from the
DL/gas channel interface is considered, which has effect on

he liquid removal in the channel and involves the properties of
DL/gas channel interface such as contact angle, surface ten-

ion, average pore size of GDL and so on. A two-fluid (TF)
odel is employed to model liquid water droplet transport in

he gas channel, the effect of GDL/gas channel interface prop-
rties on the two-phase behavior in the gas channel and GDL is
nvestigated.

. Model development

.1. Model assumptions

The calculated regions consist of conventional channels, gas
iffusion electrodes, catalyst layers and a membrane, which are
hown in Fig. 1. Because PEMFC is operated in temperature
elow 100 ◦C and above normal pressure, so it is assumed that
ater is generated in cathode catalyst layer as liquid. When
ater vapor concentration in GDL or gas channel is less than

he saturated concentration, liquid water evaporates to vapor,
therwise, water retains a liquid state. The liquid water transfers
ithin the GDL by capillary force, then the liquid water droplet

merges and grows on the GDL/gas channel interface. When
he drag force acting on the droplet equal to the adhering force,
he droplet obtains the maximum droplet size, then it begins to
ove on the GDL/gas channel interface or goes into the gas

hannel. The liquid water is treated as a continuous phase in the
orm of droplet. To hold up this approach, necessary assumption
hould be made, i.e. when the droplet detaches from GDL surface
y gas shear flow, the effect of gas channel wall’s properties
i.e. hydrophobicity) are not considered. However, it is more
easonable for higher gas velocity or small droplet size, and

ang and co-workers [5] suggested that for a gas flow channel

ith the height of 0.5 mm, when the droplet diameter exceeds
.2 mm, the droplet may interact with gas flow channel walls.
n addition, isothermal condition is also assumed to PEMFCs
nd gas mixture both in cathode and anode are treated as perfect
as.
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Fig. 1. Calculate

.2. Governing equations

A two-dimensional two-fluid model is used to describe two-
hase flow behavior in a PEMFC gas channel. It considers the
ow of gas and liquid phase, respectively. Terms accounting
or the interacting force are added into the N-S equations. In the
hannel, the pressure of the two phases is assumed to be equal. In
orous electrodes, the difference of the pressure depends on the
apillary force, which is calculated from the Leverett J-function.

Eqs. (1)–(12) in Table 1 contain the governing equations for
wo-dimensional two-fluid model of PEMFCs, which include
onservation of mass, momentum, ionic charge and species. Eqs.
1) and (10) describe the conservation of mass of gas in cath-

de and anode, respectively. The mass conservation of liquid
hase is described by Eqs. (5) and (7) for liquid in cathode gas
hannel and GDL, respectively. Eqs. (2), (6) and (11) describe
he momentum transfer for gas phase in cathode, liquid phase

d

a

able 1
overning equations

hase Conservation equation General form

athode gas Mass ∇(ε(1 − s)ρgUg) = r

athode gas Momentum ∇[ε(1 − s)ρgUgUg] =
athode gas Species ∇[ε(1 − s)ρgUgxO2 ]

∇[ε(1 − s)ρgUgxwv]

athode liquid (channel) Mass ∇(εsρlUl) = −rw

athode liquid (channel) Momentum ∇(εsρlUlUl) = −εs∇

athode liquid (electrode) Mass ∇(εsρlUl) = ∇
(

−εs

olymer phase Current ∇(Km∇φm) =
{

Ja

0
Jc

olymer phase water Mass ∇(−Dw∇Cw + λ
2.5

22F

node gas Mass ∇(ερU) = SH2 − qwd

node gas Momentum ∇(ερUU) = −ε∇p +
node gas Species ∇[ερUxwv] = ∇(ρDe

w

ain of PEMFCs.

n cathode and gas in anode, respectively. The drag force and
ift force between gas phase and liquid phase are considered
n gas channel in Eqs. (2) and (6). Eqs. (3) and (12) describe
he conservation of water vapor of cathode gas and anode gas,
espectively. And the conservation of oxygen is given in Eq.
4). The conservation of ionic charge and water within polymer
hase are expressed in Eqs. (8) and (9), respectively. Source
erms reflect the mass exchange among liquid phase, gas phase
nd polymer phase as well as the consumption of reactant by
lectrochemical reaction are given in Table 2. Parameters used
n the equations are listed in Table 3.

.3. The simplified model for calculating the droplet

etachment diameter

In PEMFCs, liquid water is produced in cathode catalyst layer
nd moves out of the gas diffuser by capillary-driven, and then

w + SO2 − swdqwd (1)
−ε(1 − s)∇pg + ∇[(1 − s)μg∇Ug] + ερgg + SDarcy,g + MD

g + ML
g (2)

= Deff
O2

∇yO2 + SO2 (3)
= Deff

wv∇ywv + rw + qwdSwd (4)

(5)
pl + ∇(εsμl∇Ul) + SDarcy,l + MD

l + ML
l (6)

ρl
kl

μl
∇(pg − pc)

)
= −rw + swp − (1 − qwd)swd (7)

anode catalyst layer
membrane
cathode catalyst layer

(8)

i + CwU) =
{

(1 − qwd)
Swd

Mw
catalyst layer

0 membrane
(9)

Swd (10)
∇(εμ∇U) + ερg + SDarcy (11)

ff
−H2

∇xwv) − qwdSwd (12)
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Table 2
Source terms in governing equations

Source terms (zero in other region) Defining equation

Oxygen reaction rate (cathode catalyst layer) SO2 = −Jc
MO2

4F
(13)

Hydrogen reaction rate (anode catalyst layer) SH2 = −Ja
MH2

2F
(14)

Mass transfer rate between gas and liquid [14] rw = Mw

[
kc

ε(1 − s)yw

RT
(ywp − psat

w )q + keεsCw(ywp − psat
w )(1 − q)

]
(15)

Mass transfer rate between gas and polymer Swd hm(ρg
w − ρ

p
w) (16)

Darcy pressure drop of gas in cathode and anode SDarcy,g −ε
μg

Kp(1 − s)3
Ug (17)

Darcy pressure drop of liquid in cathode SDarcy,l −ε
μl

Kps3
Ul (18)

Liquid generation rate in cathode catalyst layer Swp = Jc

2F
Mw (19)

Table 3
Parameters in governing equations

Parameters Defining equation

Reaction rate in cathode Jc = (1 − s)Avi
ref
0,c

(
CO2,m

Cref
O2

)[
exp

(−nαa

RT
(φm + Vcell − Voc)

)
− exp

(
nαc

RT
(φm + Vcell − Voc)

)]
(20)

Reaction rate in anode Ja = Avi
ref
0,a

(
CH2,m

Cref
H2

)[
exp

(−nαa

RT
(φe − φm)

)
− exp

(
nαc

RT
(φe − φm)

)]
(21)

Polymer phase conductivity Km = (0.005139λ − 0.00326) exp
[

1268
(

1

303
− 1

T

)]
(λ > 1) (22)

Water content in polymer phase Cw = eλ

fλ + 1
(23)

Water index in polymer λ = 0.043 + 17.81a − 39.85a2 + 36.0a3 (24)

Water activity a = xwp

psat
w

Mmix

Mw
(25)

Liquid/vapor switch function q = 0.5 + abs(psat
w − ywp + 1e − 30)

2(psat
w − ywp + 1e − 30)

(26)

Gas/polymer switch function qdw = 0.5 + abs(ρg
w − ρ

p
w + 1e − 30)

2(ρg
w − ρ

p
w + 1e − 30)

(27)

Water diffusivity in polymer phase [15]

Dw = 10−10 exp
[

2416
(

1

303
− 1

T

)]
(2.563 − 0.33λ + 0.0264λ2 − 0.000671λ3), λ > 4

Dw = 10−10 exp
[

2416
(

1

303
− 1

T

)]
(−1.25λ + 6.65), 3 < λ ≤ 4

Dw = 10−10 exp
[

2416
(

1

303
− 1

T

)]
(2.05λ − 3.25), 2 < λ ≤ 3

(28)

Gas density in cathode ρ = p

RT

1

xO2 /MO2 + xwv/Mw + (1 − xO2 − xwv)/MN2

(29)

Gas density in anode ρ = p

RT

1

(1 − xwv)/MH2 + xwv/Mw
(30)

Gas diffusivity [16]
DAB = 1

p
0.000364

(
T√

TCATCB

)2.334

(pCApCB)1/3(TCATCB)5/12
(

1

MA
+ 1

MB

)1/2

Dk = ρg(1 − yk)

RT
∑

j �=k
(yj/Djk)

, Deff
AB = DAB[ε(1 − s)]1.5

(31)

ε = 1 for channel ε = GDL porosity in GDL, otherwise ε = catalyst layer porosity

Drag force between liquid and gas [17] MD
g = −MD

l = 0.75CD
ρg

Db
s|UR|UR (32)

Drag coefficient [18] CD = 24

Re
(1 + 0.1925Re0.63) (33)

Relative velocity UR = Ul − Ug (34)

Reynold number Re = (1 − s)
ρgDb|UR|

μg
(35)

Lift force [19] ML
l = −ML

g = CLρgsUR(∇Ug) (36)
Lift coefficient CL = CLa(1 − 2.78(0.2, s)) (37)

Capillary pressure pC = pg − pl = σ cos θ

(
ε

Kp

)1/2

J(s) (38)

Leverett J-function [10] J(s) =
{

1.417(1 − s) − 2.120(1 − s)2 + 1.263(1 − s)3, if θC < 90◦ hydrophilic media
1.417s − 2.120s2 + 1.263s3, if θC > 90◦ hydrophobic media

(39)
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Fig. 2. Schematic view of a droplet on the GDL/channel interface.

iquid water drop is formed on the GDL/gas channel interface. As
entioned above in Section 2.1, the water droplet detachment

iameter is determined by the surface tension force and drag
orce acting on the droplet on GDL surface shown in Fig. 2. The
urface tension force along surface direction is:

σ = 2

π∫
0

σ cos θ cos β

(
dc

2

)
dβ (40)

ere, θA and θR are the advancing angle and receding angle,
espectively, σ the surface tension and θ is the contact angle. Its
alue varies from θR to θA corresponding to the angle β from 0 to
. Assuming the value of θ changes from θR to θA periodically:

= β(θA − θR)

π + θR
(41)

Integrating Eq. (40), we have

σ = σdc

2
π(sin θA + sin θR)

×
(

1

π − (θA − θR)
− 1

π + (θA − θR)

)
(42)

ere, dc is the contact diameter between liquid and solid phase.
or a solid surface, dc can be obtained according to the droplet

iameter d and the contact angle as:

c = d sin

(
θA + θR

2

)
(43)

w
a
t

urces 163 (2007) 864–873

ut in the case of GDL in PEMFCs, the liquid water droplet is
ormed on the GDL surface by the accumulation of the water
owing out the GDL through the pores. So, the initial contact
iameter between the liquid water and the solid phase equal
he diameter of the pores. With the droplet growing, the contact
iameter will be unchanged until coalescence happens between
eighboring droplets. However, the liquid water droplets appear
nly at the some preferential positions but not on the whole
urface [3], so, coalescence is not considered in the present work,
nd the contact diameter in this study is assigned to be the mean
ore diameter in GDL.

For a droplet on the surface in the shear flow, specifying the
alue of θR and θA is the key problem and also is very difficult.
hey change with the gas velocity, viscosity ratio, etc. [20,21].
o simplify the calculation, the critical value of θR and θA for a

iquid drop on an inclined PTFE plane are used for all the cases.
or a PTFE surface [22],

θA − θR

θA
= 0.2 (44)

Assuming θR and θA are symmetric by the static contact angle
s.

�θ

θs − �θ/2
= 0.2 (45)

For the static contact angle of liquid water on TGPH-090 sur-
ace with 10 wt.% FEP treated, Wang and co-workers [23] have
easured it with the value of 80◦ under 80 ◦C and approximately

00◦ under 20 ◦C.
The drag force on the droplet by the gas flow along the surface

irection is

D =
π∫

π−θM

v2

2
CDρg

1

2

(
d

sin(π − θM)

)2

sin2 β dβ (46)

here

M = θA + θR

2
(47)

D is the drag force coefficient, which can be estimated by

D = 24

Re
(1 + 0.1925Re0.63) (48)

here Re is defined as

e = ρgvd

μg
(49)

And the fully developed laminar flow velocity distribution in
rectangular enclosure can be represented by [24]

(y) = 3

2
vc

[
1 −

(
2y

B

)2
]

(50)
here v(y) is the vertical velocity, B the channel height, vc the
verage gas velocity in the channel and y represents the distance
o the channel central line.
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Table 4
Boundary conditions

Equations Inlet Outlet Wall

Anode momentum v = 600 cm/s, u = 0, p = 0.2 MPa Fully developed v = 0, u = 0
Anode water vapor xwv = 0.7513 �xwv = 0 �xwv = 0
Cathode gas momentum vc = 700 cm/s, u = 0, p = 0.2 MPa Fully developed v = 0, u = 0
Cathode water vapor xwv = 0.159 �xwv = 0 �xwv = 0
C
C
C

F
t

3

S
t
t
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l
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R
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G
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T
u
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(
r
t
a
T
a

athode oxygen xO2 = 0.195
athode liquid momentum u = 0; v = 0; p = 0.2 MPa
athode liquid saturation s = 0

In this work, gravity is neglected, so the droplet shown in
ig. 2 is equivalent to the droplet on the horizontal surface, and

his is the same situation in Wang’s experiment [5].

. Boundary conditions and numerical method

Boundary conditions used in the model are given in Table 4.
ince the model is solved by an iterative solution technique,

he starting solution can affect the convergence and computing
ime. The starting solution for the species here was set to be
qual to their respective inlet boundary values. The collector
lates, membrane are impermeable for species and the GDL is

mpermeable for proton. Table 5 gives the values of parameters.

Because the thickness of channel, diffusion layer, catalyst
ayer and membrane differ much, the non-uniform mesh grid
s used. There are 20 mesh grids in channel, 10 mesh grids in

able 5
alue of parameters

hysical properties Value

araday’s constant, F (C mol−1) 96,487
ermeability of gas diffusion layer, Kp (cm2) 8 × 10−8

athode gas viscosity, μc (Pa s) 2.0 × 10−5

node gas viscosity, μa (Pa s) 2.0 × 10−5

iquid water viscosity, μl (Pa s) 3.565 × 10−4

nodic transfer coefficient, αa 0.5
athodic transfer coefficient, αc 0.55
ater contact angle in diffuser, θ (◦) 120
as channel width (cm) 0.05
as channel length (cm) 40
as channel height (cm) 0.05
node GDL thickness (cm) 0.018
athode GDL thickness (cm) 0.018
as diffusion layer void fraction 0.7
atalyst layer thickness (cm) 0.001
atalyst layer void fraction 0.6
verage pore size in GDL (�m) 23 [25]
embrane thickness (Nafion®115) 0.0127
ell temperature (K) 353

nlet pressure (MPa) 0.2
ir inlet relative humidity (%) 100
uel inlet relative humidity (%) 100
pen circuit voltage (V) 1.17
peration voltage (V) 0.55
vap./cond. mass transfer coefficient ke, kc (kg cm−3 s−1) 2 [6]
issolved/vapor mass transfer coefficient, hm (s−1) 5000 [6]
eference kinetic parameter in cathode, Avi

ref
0,c (A cm−3) 1.1 × 10−6

eference kinetic parameter in anode, Avi
ref
0,a (A cm−3) 1.5 × 105

ater surface tension, σ (N m−1) 0.0625

4

4

d
b
p
c
W
d
p
h
G
s

F

∇xO2 = 0 ∇xO2 = 0
Fully developed v = 0, u = 0
�s = 0 �s = 0

DL, 5 mesh grids in the catalyst layer, 20 mesh grids in the
embrane and 450 mesh grids along the channel (y-direction).
he governing equations were solved by our C language code
sing iterative method. The Simple Algorithm [26] is used to
olve single phase flow in anode, and Inter-Phase Slip Algorithm
IPSA) is used to solve two-phase floe in cathode. When the
elative error of all variables between two iterations are less
han 1e−4, it is considered to reach a convergence. A sensitive
nalysis was conducted by doubling the number of mesh grids.
he solution difference on average is less than 3%, so it was
ssumed to be mesh grid independent.

. Results and discussion

.1. Model validation

To validate the model above, firstly, the predicted droplet
etachment diameter is compared with the experimental data
y Wang [5], which is a very important factor in the TF model
resented in this study. Fig. 3 shows the comparison between
alculated detachment diameter by our simplified model and
ang’s experimental data, and they agree pretty well. This vali-

ates the simplified model. Second, the comparison between the
redicted fuel cell performance and our experimental data also

ave been presented in Fig. 4 for different operation pressures.
ood agreement is obtained, so the present model is demon-

trated to be accurate.

ig. 3. Comparison between predicted droplet diameter and experimental data.
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ig. 4. Comparison between numerical performance of PEMFC and experiment
ata for different operating pressures.

.2. Effect of GDL/channel interface hydrophobicity on
roplet detachment diameter and water saturation
istribution in GDL

There are also results of predicted detachment diameter
or different contact angle (80◦, 120◦) on the GDL surface
n Fig. 3. The results show that with the increases of con-
act angle on GDL surface, the detachment diameter decreases.
igs. 5 and 6 show the water saturation in GDL for the base
ase and the contact angle on GDL surface equal to 120◦. For
oth cases, the water saturation increases from inlet to outlet
n vertical direction and from channel to catalyst layer in hori-
ontal direction. This is consistent with the observation results
y Yang [3]. On the GDL/channel interface, the water satu-
ation increases from inlet to outlet. It can be demonstrated

y the fact that with gas flows from inlet to outlet and liquid
ater moves through GDL to GDL/channel interface, more and
ore water droplets are dragged by the gas and travels with

Fig. 5. Saturation in GDL and channel for base case.

t
e
t

ig. 6. Saturation in GDL and channel for contact angle on GDL/channel inter-
ace equal to 120◦.

cceleration in the channel. So the space on the GDL/channel
nterface occupied by the liquid water increases. Comparing
ig. 5 with Fig. 6, it is obvious that the water saturation for
ase case is larger than that of 120◦ case. According to Fig. 3,
arge contact angle on GDL/channel interface produces small
etaching droplet, so small droplet travels by drag force eas-
ly. When the droplet is small enough, the droplet will move
t the same velocity as gas, and the efficient removal of liquid
ater can be obtained. So high contact angle on GDL/channel

nterface is advantageous for water removal in GDL and gas
hannel.

.3. Effect of water surface tension on droplet detachment
iameter and water saturation distribution in GDL
According to Eq. (40), the adhering force is proportional to
he surface tension. Fig. 7 shows the droplet detachment diam-
ter for normal water surface tension, 80% of the water surface
ension and 120% of the water surface tension. The detach-

Fig. 7. Predicted detachment diameter for different surface tension.
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ig. 8. Saturation in GDL and channel for 80% of water surface tension in GDL.

ent diameter obviously increases with the increase of surface
ension. From this point of view, reducing the surface tension

ay be a way to enhance liquid water removal on GDL/channel
nterface. However, as shown in Eq. (38), reducing surface ten-
ion may decrease the capillary pressure in GDL, which is the
ominating force for liquid flow in GDL. In this way, reduc-
ng surface tension may cause liquid water accumulation in
DL, which is demonstrated by the numerical results shown

n Figs. 8 and 9, where the water saturation in GDL for 80% of
he water surface tension in GDL and 120% of the water sur-
ace tension in GDL are given, respectively, but the value of
urface tension used to calculate the droplet detachment diam-
ter retains original value. It is obvious that decreasing surface
ension in GDL causes serious saturation in GDL, and this

s disadvantageous for liquid removal. To investigate the final
ffect of surface tension (both in GDL and on GDL/channel
nterface) on the water removal, numerical simulation has been

ig. 9. Saturation in GDL and channel for 120% of water surface tension in
DL.

u
S
s
i

F
i

ig. 10. Saturation in GDL and channel for 80% of water surface tension both
n GDL and on GDL/channel interface.

one. Figs. 10 and 11 show the water saturation in GDL for
0 and 120% of the water surface tension (both in GDL and
n GDL/channel interface), respectively. It can be seen that
ater saturation in GDL for 80% of water surface tension is

argely decreased compared with the result in Fig. 5. Along the
DL/channel interface, the saturation changes slightly, which
eans that the droplet moves faster for small ones, thus, only
few spaces on GDL/channel interface are occupied by the

roplet. In Fig. 11, although the capillary pressure in GDL
ncreases due to the increase of surface tension, the droplet on
DL/channel interface cannot be easily dragged by the gas due

o the large size. It is the cause of the accumulation of liquid on
DL/channel interface, and correspondingly, it hinders the liq-
id water transfer from catalyst layer to GDL/channel interface.

aturation in GDL increases too. Fig. 12 shows the current den-
ity along the y direction on cathode catalyst layer/membrane
nterface for 80 and 120% of the water surface tension. It indi-

ig. 11. Saturation in GDL and channel for 120% of water surface tension both
n GDL and on GDL/channel interface.
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ig. 12. Current density on cathode catalyst layer/membrane interface for 80
nd 120% of water surface tension.

ates that there is hardly any difference in the upstream section
or two cases, but for downstream section, due to the high
aturation of 120% of surface tension case, the current den-
ity is obvious lower than that of 80% case. According to the
esult above, it can be concluded that increasing surface ten-
ion is disadvantageous for liquid removal in the GDL and
hannel.

.4. Oxygen mass fraction in cathode

Figs. 13 and 14 show the oxygen fraction distribution in
athode channel, GDL and catalyst layer for base case and the
peration voltage equal to 0.4 V. It indicates that the oxygen mass
raction decreases from inlet to outlet and from channel to cat-
lyst layer. In addition, with the decreases of operation voltage

i.e. increases of current density), the consumption of oxygen
ncreases, and the minimum oxygen mass fraction appears at
he inner of downstream section.

ig. 13. Oxygen mass fraction in cathode channel, GDL and catalyst layer for
ase case.
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ig. 14. Oxygen mass fraction in cathode channel, GDL and catalyst layer for
.4 V of operation voltage.

. Conclusion

In this paper, a two-dimensional two-fluid (TF) model is
eveloped to simulate the two-phase flow behavior in PEM-
Cs. A simplied model is also applied to predict the detachment
iameter of the liquid droplet at the GDL/channel interface. The
ffect of the GDL/channel interface properties (contact angle,
urface tension) on the two-phase behavior was mainly investi-
ated, and the conclusions are:

1) A high contact angle of the liquid water at the GDL/channel
interface produces a small detaching liquid droplet, and
enhances water removal at the GDL/channel interface and
in the GDL, which is advantageous for PEMFC operation.

2) A low surface tension produces a small detaching liquid
droplet, which is advantageous for water removal in the
channel and the GDL, even though a low surface ten-
sion decreases the capillary force in the GDL. In con-
trast, high surface tension hinders liquid removal from
the GDL/channel interface, which is disadvantageous for
PEMFC operation, even though it enhances the capillary
force in the GDL.

In this work, the two-phase flow behavior at the anode is
ot considered, because it is not significant unless the anode is
everely flooded. The hydrophobicity or hydrophilicity of the
as channel walls also have effects on water removal, especially
or large liquid droplets, and a further study will be done in
uture.
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