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Abstract

A unified two-phase flow mixture model has been developed to describe the flow and transport in the cathode for

PEM fuel cells. The boundary condition at the gas diffuser/catalyst layer interface couples the flow, transport, electrical

potential and current density in the anode, cathode catalyst layer and membrane. Fuel cell performance predicted by

this model is compared with experimental results and reasonable agreements are achieved. Typical two-phase flow

distributions in the cathode gas diffuser and gas channel are presented. The main parameters influencing water

transport across the membrane are also discussed. By studying the influences of water and thermal management on two-

phase flow, it is found that two-phase flow characteristics in the cathode depend on the current density, operating

temperature, and cathode and anode humidification temperatures. � 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A proton exchange membrane (PEM) fuel cell con-

sists of an anode, a cathode and a hydrated polymer

membrane as the electrolyte. The use of a solid mem-

brane reduces corrosion and electrolyte management

problems. Thus, PEM fuel cells may operate at a low

temperature. They also have high power density, short

response time and quick startup capability. In addition,

virtually no pollutant is produced during this fuel cell

operation. Therefore, the PEM fuel cell system is con-

sidered to be one of the most promising future vehicular

power systems. It also has a promising future with

portable electronics, uninterrupted power system (UPS)

and distributed power systems.

Water and thermal management is essential for

proper operation of PEM fuel cells. The polymer

membrane in the PEM fuel cell must be in a highly

hydrated state to facilitate proton transport. If there is

not enough water, the membrane becomes dehydrated

and its resistance to proton conduction increases shar-

ply. On the other hand, if too much water is present,

flooding may occur resulting in the pores of the gas

diffuser filled by liquid water, which will block the

transport of reactants to the reaction sites. In practice,

humidification of anode fuels and/or cathode oxidants is

often used to provide sufficient membrane hydration.

Since water is produced in the cathode catalyst layer and

water also tends to migrate from the anode side to the

cathode side under the electro-osmotic drag, it becomes

a key issue to avoid flooding in the cathode in the design

and operation of PEM fuel cells.

There have been some studies on water and thermal

management as well as performance modeling for PEM

fuel cells. Bernardi and Verbrugge [1,2] and Springer [3]

proposed one-dimensional models that provided good

preliminary foundations for PEM fuel cell modeling.

However, a one-dimensional model cannot simulate the

decrease of reactants and the accumulation of products

in the flow direction. The two-dimensional models by

Fuller and Newman [4] and Nguyen and White [5]
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assumed that diffusion was the only mechanism for ox-

ygen transport and did not consider the interaction of

the flow with the species field in the channel and gas

diffuser. By using computational fluid dynamics (CFD),

Gurau and Liu [6] presented the first unified approach

by coupling the flow and transport governing equations

in the flow channel and the gas diffuser, but only a

single-phase incompressible model was used. Wang et al.

[7] classified four regimes of water transport and distri-

bution in the PEMFC air cathode and presented some

interesting two-phase flow and transport results, but

their model did not include the catalyst layer, the

membrane and the anode side.

In this paper, a two-phase flow model based on a

‘‘multiple-phase mixture’’ concept is developed to ex-

amine the flow field in the coupled domain of cathode

gas diffuser and the gas channel. Wang and Cheng [8]

first proposed a detailed multiphase mixture mathe-

matical model for multiphase flow in the porous media.

The key idea in the multiphase mixture model is to focus

on the level of a multiphase mixture, rather than on the

levels of separate phases. The multiple phases are re-

garded as constituents of a multiphase mixture in the

model, so that a multiphase flow can be described by a

mass-averaged mixture velocity and a diffusive flux

representing the differences between the mixture velocity

and individual phase velocities. In this definition, phases

are assumed to be distinct and separable components

with nonzero interfacial areas, and their mixture repre-

sents a single fluid with smoothly varying phase com-

position. The multiphase mixture model can be derived

from the classical multiphase approach without any

additional assumptions; see [8,9] for details.

2. Mathematical model

2.1. Two-phase flow and multi-component species govern-

ing equations

The modeling domain of the PEM fuel cell cathode is

shown in Fig. 1. The area ABCD is the fluid channel and

the area CDEF is the porous electrode (including the gas

diffuser and the catalyst layer). The humidified air flows

into the domain along the channel at a velocity uin, and
flows out the domain from the right channel boundary

BC.

Reacting with protons transferred through mem-

brane and electrons from outer circuit, oxygen is re-

duced to water in the catalyst layer. Water may also

transport from the anode to the cathode side under the

combined actions of the electro-osmotic drag and back

Nomenclature

C species mass fraction

d width (m)

D diffusion coefficient (m2=s)
F Faraday constant (96493 C/mol)

I current density (A=cm2)

j diffusive mass flux (kg=m2 s)

JðsÞ capillary pressure function

kr relative permeability

K absolute permeability (m2)

l fluid channel length (m)

M molecular weight (kg/mol)

n number of electrons or water transport

coefficient in the membrane (number of water

molecules transfer per proton)

N molar flux (mol=cm2 s)

P pressure (Pa)

R universal gas constant (J/mol K)

s phase saturation

T temperature (K)

u velocity vector (m/s)

u the x-direction velocity component (m/s)

v y-direction velocity component (m/s)

Greek symbols

a net water transport coefficient

e porosity

c multiphase correction factor

g potential difference from equilibrium

(overpotential) (V)

k water content in membrane (mol H2O/

equivalent SO�1
3 ) or individual mobility

l dynamic viscosity

(N s=m2)

m kinematic viscosity (m2=s)
q density (kg=cm3)

r interfacial tension (N/m)

Subscripts and superscripts

c capillary

d porous media or electro-osmotic drag

diff diffusion

eff effective property that accounts for porosity,

tortuosity and liquid water

g gas phase

hyd hydraulic permeation

k phase k
l liquid phase

m membrane

r relative

v vapor

w wet or water

a species
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diffusion and hydraulic permeation in the membrane.

When the partial pressure of water vapor exceeds the

saturated vapor pressure, liquid water is formed, and

there will be two-phase flow in the PEM fuel cell. Liquid

water may block the pores of the gas diffuser, which are

essential for oxygen diffusion. Predicting the formation

of liquid water and minimizing its detrimental effect on

fuel cell performance are important issues in the design

and operation of PEM fuel cells. A single-phase flow

model is obviously not capable of describing two-phase

phenomena, thus a two-phase flow model is necessary to

understand the transport phenomena.

The following assumptions are used in the model

development:

1. The flow is laminar everywhere.

2. Only steady state is considered.

3. The gas diffusers, catalyst layers and membrane are

considered as isotropic porous media.

4. The domain is isothermal.

As shown in Fig. 1, the humidified air flows in a heter-

ogeneous domain that includes a homogeneous fluid and

a porous medium. If the governing equations are written

separately in the fluid channel and gas diffuser, the

boundary conditions at the gas channel/gas diffuser in-

terface are difficult to specify, and a considerable effort is

needed to couple the flow and transport of both regions.

Since the velocity, pressure and species mass fractions

are continuous at the gas channel/gas diffuser interface,

a unified approach is applicable [6]. The unified ap-

proach solves the governing equations in the gas channel

and gas diffuser simultaneously, so the necessity to

specify the interface boundary conditions is avoided.

At any location in the gas diffuser and the gas

channel, the total mass of the two-phase mixture is

conserved

e
oq
ot

þr � quð Þ ¼ 0: ð1Þ

For the two-phase mixture in the gas channel, the

Navier–Stokes equation is applicable

oðquÞ
ot

þr � ðquuÞ ¼ �rP þr � ðrluÞ: ð2Þ

Darcy’s law is usually used to describe the momentum

conservation in a porous medium (for example, [8]).

However, since the gas diffuser is very thin and the ve-

locity gradient is very high at its interface with the gas

channel, the macroscopic inertial force and viscous force

cannot be neglected. A generalized Darcy law [10] is

more suitable for describing the two-phase mixture flow

in the gas diffuser

oðquÞ
ot

þr � ðquuÞ ¼ �rP þr � ðrluÞ � l
K
ðeuÞ: ð3Þ

Note that the interfacial shear force and surface tension

gradient force between the liquid phase and the gas

phase cancelled out and do not appear in Eqs. (2) and

(3). It is obvious that Eq. (3) is similar to Eq. (2), which

makes it possible to treat Eq. (2) as a special form of the

general equation (3) and solve it in the coupled domain.

The species conservation equation for the two-phase

mixture is given as [8]

e
o

ot
ðqCaÞ þ r � ðcaquC

aÞ

¼ r � ðeqDrCaÞ þ r � e
X
k

½qkskD
a
kðrCa

k

"
�rCaÞ	

#

�r �
X
k

Ca
k jk

" #
: ð4Þ

We are dealing with a two-phase flow problem, so k ¼ 2
(liquid and gas phases); a denotes species here that in-
clude oxygen, nitrogen and water. The mixture quanti-

ties in the above formulation are defined as

q ¼ qlsl þ qgsg; ð5Þ

qu ¼ qlul þ qgug; ð6Þ

qCa ¼ qlslC
a
l þ qgsgC

a
g ; ð7Þ

qDa ¼ qlslD
a
l þ qgsgD

a
g; ð8Þ

m ¼ 1

ðkrl=mlÞ þ ðkrg=mgÞ
: ð9Þ

The correction factor ca in Eq. (4) indicates that species

a is advected on the mixture level by a modified velocity
field cau rather than by the original mixture velocity field

and is defined as

ca ¼
q klCa

l þ kgCa
g

h i
qlslC

a
l þ qgsgCa

g

; ð10Þ

where the individual mobility kl; kg are

kl ¼
krl=ml

krl=ml þ krg=mg
; ð11Þ

kg ¼
krg=mg

krl=ml þ krg=mg
: ð12Þ

Fig. 1. The fluid channel and porous medium coupled domain.
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As in a traditional mixture theory, a diffusive mass flux of

phase k within the two-phase mixture can be defined as

jk ¼ qkuk � kkqu; ð13Þ

jl þ jg ¼ 0; ð14Þ

jl can be expressed as

jl ¼ K
kl
m
ðrP �rPlÞ ¼ K

klkg
m

rPc: ð15Þ

Once jl; jg are determined, the individual phase velocities
can be obtained from the mixture flow field by the fol-

lowing algebraic relations:

qgug ¼ jg þ kgqu; ð16Þ

qlul ¼ �jg þ klqu: ð17Þ

2.2. Constitutive relations

The phase relative permeability is defined as the ratio

of the intrinsic permeability for the phase at a given

saturation to the total intrinsic permeability of the po-

rous medium. The relative permeabilities for the liquid

and gas phases are represented by the following empir-

ical correlation, respectively [11],

krl ¼ s3l ; ð18Þ

krg ¼ ð1� slÞ3: ð19Þ

The capillary pressure is assumed to be a function of

saturation; the general empirical model is

Pc ¼ Pg � Pl ¼ r
e
K

� �1=2
JðslÞ; ð20Þ

where JðslÞ is the Leverett function, given by [12],

JðslÞ ¼ 1:417ð1� slÞ � 2:120ð1� slÞ2

þ 1:263ð1� slÞ3; ð21Þ

rPc ¼ r
e
K

� �1=2
J 0ðslÞrsl

þ e
K

� �1=2
JðslÞ

X
a

or
oCa

rCa

"
þ or
oT

rT

#
: ð22Þ

2.3. The gas–liquid phase equilibrium and the species

equation simplification

Assume oxygen and nitrogen cannot dissolve in liq-

uid water due to their low solubilities, we have,

CO2l ¼ 0; CN2l ¼ 0; CH2Ol ¼ 1: ð23Þ

The vapor condenses when the vapor partial pressure

exceeds the corresponding saturation vapor pressure [3]

at the local temperature

log10 Pv ¼ �2:1794þ 0:02953T � 9:1837� 10�5T 2

þ 1:4454� 10�7T 3: ð24Þ

The corresponding vapor density is

qH2Ov ¼ PvM
RT

: ð25Þ

The concentration of water vapor in the gas mixture

CH2Og ¼ qH2Ov

qg
: ð26Þ

For oxygen,

qCO2 ¼ qgsgC
O2
g : ð27Þ

Substitute Eq. (27) into Eq. (4), we obtain

e
o

ot
ðqCO2Þ þ r � ðcO2quC

O2Þ

¼ r � ðeqDO2g rCO2Þ � r � q
qgsg

CO2 jg

 !
: ð28Þ

Similarly, for nitrogen, we get

e
o

ot
ðqCN2Þ þ r � ðcN2quC

N2Þ

¼ r � ðeqDN2g rCN2Þ � r � q
qgsg

CN2 jg

 !
ð29Þ

and for water

qCH2O ¼ qgsgC
H2O
g þ qlsl: ð30Þ

Substitute Eq. (30) into Eq. (4), we obtain

e
o

ot
ðqCH2OÞ þ r � ðcH2OquCH2OÞ

¼ r � ðeqDH2Og rCH2OÞ � r � ½eqlDH2Og rsl	

� r � qH2Ov

qg

 "
� 1
!
jg

#
: ð31Þ

The gas mixture density is

qg ¼
PMg

RT
: ð32Þ

The two-phase mixture density is

q ¼ qgsg þ qlsl: ð33Þ

where, the liquid and gas phase saturations denote the

volumetric fraction of the void space occupied by indi-

vidual phases and are given, respectively, as

sl ¼
qCH2O � qgC

H2O
g

ql � qgC
H2O
g

; ð34Þ

sg ¼ 1� sl: ð35Þ
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2.4. Boundary conditions

Oxygen is consumed at the catalyst layer, and its flux

is related to the local current density by

NO2 ¼
MO2

4F
I : ð36Þ

The local current density depends on various physical

and chemical parameters of the catalyst layer, such as

catalyst loading, porosity, catalyst layer width, oxygen

concentration, overpotential and proton conductivity.

The electrochemical reaction in the catalyst layer is

modeled by a pseudo-homogeneous model, which is

described in detail in [13].

Water is produced in the catalyst layer and water

may also transport through the membrane under three

different transport mechanisms:

1. electro-osmotic drag;

2. back diffusion by the water concentration difference

between two sides of the membrane;

3. hydraulic permeation by pressure gradient between

the cathode side and the anode side.

In general, the net water transport through the mem-

brane can be represented as the net water molecules per

proton [3,14] or net water transport coefficient

a ¼ nd � Dw
F
I
dCw
dy

� Cw
Km

l
F
I
dpw
dy

ð37Þ

or

a ¼ nd � ndiff � nhyd; ð38Þ

where

nd ¼ 2:5
k
22

; ð39Þ

ndiff ¼ Dw
F
I
dCw
dy

; ð40Þ

nhyd ¼ Cw
Km

l
F
I
dPw
dy

: ð41Þ

According to the above definitions, a can be positive or
negative depending on the magnitudes of the three dif-

ferent water transport coefficients. A positive a indicates
net water transport from anode side to cathode side. The

water transport flux leaving the catalyst layer through

the gas diffuser is the sum of the water generated in the

cathode catalyst layer and the net water crossing over to

the cathode from the anode.

Nw ¼ �Mwð1þ 2aÞ
2F

I : ð42Þ

The mixture vertical velocity at the gas diffuser/catalyst

layer interface is

ev y¼d1þd2




 ¼ ðNO2 þ NwÞ
q y¼d1þd2




 : ð43Þ

The axial velocity at the gas diffuser/catalyst layer in-

terface is assumed to be zero according to no-slip

boundary condition, thus the pressure gradient can be

simplified by Darcy’s law

dP
dy

¼ � l
K
v: ð44Þ

If natural convection is neglected, the oxygen and water

concentration gradient can be obtained as

�D
oðqCÞ
oy

¼ N � caqevC: ð45Þ

Details on other boundary conditions and numerical

procedures are discussed in [15] and will not be provided

here due to space limitations.

3. Results and discussions

3.1. Validation of mathematical model

By solving the continuity, momentum and the

species conservation equations in the cathode and

anode sides, along with the governing equations in

the catalyst layer and membrane, the performances

of PEM fuel cell can be predicted. Table 1 lists the

main geometric and operating parameters for the base

case.

Rigorous numerical tests were performed to ensure

that the solution of the simulation is independent of the

grid size. The grid size tests show that the grid number of

Table 1

The base case parameters in the model

Channel length (cm) 7.0

Channel width (cm) 0.1

Gas diffuser width (cm) 0.03

Catalyst layer width (cm) 1:29� 10�3
Membrane width (cm) 1:08� 10�2
Gas diffuser porosity 0.4

Gas diffuser tortuosity 1.5

Catalyst layer porosity 0.25

Air stoic ratio 3.5

Hydrogen stoic ratio 2

Air humidification temperature (�C) 60

Hydrogen humidification

temperature (�C)
60

Air pressure (Pa) 3:039� 105
Hydrogen pressure (Pa) 1:013� 105
Fuel cell temperature (�C) 80

Catalyst surface area (cm2 cm�3) 1:4� 105
Exchange current density (A/cm2) 4:84� 10�8
Cathodic transfer coefficient 0.52

Anodic transfer coefficient 0.54

Dry membrane density (kg/m3) 2.16

Ionomer equivalent weight 1100
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140� 60 provides satisfactory results, and it was used in
the simulations in this work.

To validate the model, polarization curves predicted

by the model for air and oxygen are compared with

experimental results, as shown in Fig. 2. It can be seen

that reasonable agreements are obtained.

3.2. Two-dimensional species field

In the cathode catalyst layer, oxygen is consumed and

water is produced. The water flux through the membrane

depends on the combined actions of water hydraulic

permeation, back diffusion and the electro-osmotic ac-

tion. Water may flow from the anode side to the cathode

side or from the cathode side to the anode side.

Fig. 3 shows the cathode-side oxygen and water-mass

fraction in the ‘‘two-phase mixture’’, respectively, when

the overall fuel cell current density is 1.07 A/cm2. It

should be noted that the thickness of the catalyst layer in

these figures is enlarged 10 times for a clearer illustra-

tion. The oxygen fraction decreases along the flow di-

rection due to oxygen consumption in the catalyst layer;

water fraction increases due to water production in the

cathode catalyst layer and the transport of water from

the anode side. Considering the enlarged scale for the

catalyst layer, it is obvious that the oxygen-mass fraction

gradient in the catalyst layer is much higher than those

in the gas diffuser and gas channel.

It is shown in Fig. 3(b) that the water mass fraction

near the channel outlet is relatively high, where the

corresponding water partial pressure is higher than the

saturated vapor pressure at local temperature, indicating

the formation of liquid water. Fig. 4(a) shows the water

vapor mass fraction in the ‘‘gas phase’’ mixture. Because

the air humidification temperature is less than the fuel

cell operation temperature, the inlet air is unsaturated.

The vapor mass fraction increases along the channel due

to the evaporation of liquid water from the catalyst

layer. When the air reaches saturation state, liquid water

is formed. The saturation line may be called the

‘‘condensation front.’’ Fig. 4(a) shows that the water

vapor fraction increases at the inlet of the channel

and becomes constant after the condensation front.

Fig. 4(b) shows the corresponding liquid water sat-

uration field. The liquid saturation is zero in the single-

phase region. Inside the two-phase region, the liquid

saturation increases along the flow direction. The liquid

saturation decreases from the catalyst layer toward the

gas channel due to water transport from the catalyst

layer. Fig. 5 shows the liquid phase velocity vector in the

cathode gas diffuser. The liquid velocity vector points to

the gas channel/gas diffuser interface, so the liquid water

is carried away from the gas diffuser, and the liquid

saturation in the gas channel increases.

Fig. 6 displays the corresponding variation of various

water transport coefficients along the flow direction for

Fig. 2. The comparison of PEM fuel cell performance using air

and oxygen, respectively. Air or O2 side: Pin ¼ 3 bar,

Thyd ¼ 60 �C, uin ¼ 0:35 m=s; hydrogen side: Pin ¼ 1 bar,

Thyd ¼ 60 �C, uin ¼ 0:6 m/s; fuel cell operating temperature
Tcell ¼ 80 �C.

Fig. 3. Oxygen and water mass fraction in the ‘‘two-phase’’ mixture in the cathode gas channel, gas diffuser and catalyst layer:

(a) oxygen; (b) water.
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the base case. When water concentration in the cathode

side is higher than that in the anode side, there is a

diffusion water flux from the cathode side to the anode

side. It is often called ‘‘back-diffusion’’, because it is in

the opposite direction to the water transfer due to elec-

tro-osmotic drag. In the flow direction, the water ac-

tivity increases in the cathode side and decreases in the

anode side, resulting in the diffusion water flux from the

cathode side to the anode side to increase. For the case

studied here, the cathode gas pressure and anode gas

pressures are 3 and 1 bar, respectively, the resulting

pressure difference causes water permeation flux from

the cathode side to the anode side. With the water

production in the cathode side and water transfer from

the anode side, the water partial pressure difference be-

tween the cathode side and the anode side increases,

which causes an increase in nhyd in the flow direction too.
Another reason for the increase of ndiff and nhyd is that
they are inversely proportional to the local current

density according to Eqs. (40) and (41). As the current

density decreases along the flow direction, the values of

ndiff and nhyd are higher even though the corresponding
water flux is the same. The electro-osmotic coefficient

depends on the water content and the physical proper-

ties of the membrane. The electro-osmotic coefficient

increases slightly along the flow direction because of the

increase of water content in the membrane. Combining

the above three water transport mechanisms, the net

water transport coefficient is depicted as a solid line in

Fig. 6. The net water transport coefficient decreases

along the flow direction, reflecting the increasing effects

of back diffusion and hydraulic permeation. Since the

water flux is proportional to the net water transport

coefficient and the local current density, the net water

flux decreases along the flow direction.

3.3. The effect of operating current density on the liquid

saturation

As discussed above, for most PEM fuel cell operating

conditions, especially under a high current density,

Fig. 4. Water vapor mass fraction in the gas phase mixture and the liquid saturation field in the cathode gas channel and the gas

diffuser: (a) water vapor mass fraction; (b) liquid saturation.

Fig. 6. The electro-osmotic, net, diffusion and hydraulic per-

meation water transport coefficient across the membrane along

the flow direction.

Fig. 5. Liquid water velocity vector in the cathode gas diffuser.

L. You, H. Liu / International Journal of Heat and Mass Transfer 45 (2002) 2277–2287 2283



water is transported from the anode to the cathode side.

In addition, water is produced at the cathode catalyst

layer, resulting in the water mass fraction being highest

at the gas diffuser/catalyst layer interface, which is also

the most likely place where liquid water forms. There-

fore, the liquid saturation at the gas diffuser/catalyst

layer interface is an indication of the existence of two-

phase flow and the amount of liquid phase in the gas

diffuser. Fig. 7 shows the liquid saturation distribution

at the gas diffuser/catalyst layer interface under different

current densities for the base case. For any specific

current density, liquid saturation increases along the

flow direction, reflecting the effect of water accumula-

tion. The magnitude of liquid saturation also increases

with the current density. When the fuel cell operates

under a low current density, no liquid water is formed in

the cathode. While the current density increases to

I ¼ 0:39 A=cm2, liquid water is formed beginning from

x ¼ 62 mm, and the liquid saturation is very low. With
further increase of the current density, the two-phase

region extends to the beginning of the flow passage.

3.4. The effect of fuel cell operating temperature

The operating temperature is an important parame-

ter for PEM fuel cell performance. At a low tempera-

ture, oxygen reduction needs higher activation

overpotential to produce the same current density. On

the other hand, the membrane resistance is lower at a

low temperature than at a high temperature, because

water activity is higher at a low temperature for the same

water content. Thus, there exists an optimum operation

temperature for PEM fuel cells. Operating temperature

also influences the two-phase flow in the cathode. At a

low temperature, liquid water is more likely to form. It

can be seen in Fig. 7 that the liquid saturation at point F

(Fig. 1) is the highest in the gas diffuser, thus point F can

represent the occurrence of the two-phase flow in the gas

diffuser. When the liquid saturation at point F is posi-

tive, two-phase flow initiates. Fig. 8(a) shows the vari-

ation of the liquid saturation at point F with the current

density for different operating temperatures. When the

fuel cell operates at a temperature 60 �C, liquid water is
formed at very small current density. When the operat-

ing temperature increases, the threshold current density

to form liquid water in the gas diffuser also increases.

The threshold current density is about 0:79 A=cm2 for

operating temperatures at 90 �C. No liquid water is
formed when the fuel cell operating temperature is

100 �C. This conclusion agrees with our expectation that
at the same current density liquid saturation tends to be

higher at lower temperatures than at higher tempera-

tures.

For the same reason, point C in Fig. 1, where liquid

water is the most likely to form in the channel, can be

used to determine the existence of two-phase flow in the

channel. Fig. 8(b) shows the variation of the liquid

saturation at point C with the current density for dif-

ferent fuel cell operating temperatures. Because the liq-

uid saturation at point C is lower than that at point F

Fig. 7. The liquid saturation at the gas diffuser/catalyst layer

interface under different current densities for the base case.

Fig. 8. The variation of liquid saturation with current density for different fuel cell temperatures: (a) point F in Fig. 1; (b) point C in

Fig. 1.
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under the same current density, this proves that the two-

phase flow is first formed in the gas diffuser. In the gas

channel, the threshold current density needed to form

liquid water is also generally higher than in the gas

diffuser. With an operating temperature of 90 �C, the
threshold current density is as high as 1:1 A=cm2 in the

gas channel, compared with that of 0:79 A=cm2 in the

gas diffuser. No liquid water is formed in the gas channel

at all when the operating temperature is 100 �C.

3.5. The effect of air humidification temperature

To ensure certain membrane humidification, air is

usually humidified in the cathode side in a PEM fuel cell

operation. Humidifying air stream can increase the water

concentration gradient between the cathode and the an-

ode sides and increase the water back diffusion flux and

hydraulic permeation flux from the cathode side to the

anode side, thus keeping the membrane batter hydrated.

However, due to the increased water content in the

cathode, it is easier to form two-phase flow in the gas

diffuser, especially at a high humidification temperature.

A high air humidification temperature also decreases the

oxygen partial pressure, which increases the concentra-

tion overpotential and reduces the cathode limiting cur-

rent density. Fig. 9 shows the variation of liquid

saturation at points F and C with the current density for

different air humidification temperatures. Similar to the

different operating temperature, the liquid saturation in

both the gas diffuser and the gas channel increases with

the operating current density. When the air humidifica-

tion temperature is less than or equal to the fuel cell op-

erating temperature, the threshold current density needed

to form liquid water in the gas diffuser is higher than that

in the gas channel. The liquid saturation in the gas dif-

fuser (point F) is also higher than that in the gas channel

(point C), which means liquid water flows toward the gas

channel. However, while the inlet air humidification

temperature (e.g., 100 �C) is higher than the fuel cell
operating temperature (e.g., 80 �C) and the fuel cell is
operated at a low current density (< 0:33 A=cm2), the

liquid saturation in the gas channel (point C) is higher

than that in the gas diffuser (F point). Thus, the liquid

water flows from the cathode side to the anode side. Two-

phase flow is formed from the beginning of the flow

channel and exists in the whole channel even at I ¼ 0.
It should also be noted that the maximum current

densities in Fig. 9 are different for different air humidi-

fication temperatures, which reflects the fact that liquid

water caused by a high air humidification temperature

does reduce the limiting current density.

3.6. The effect of anode humidification temperature

Because the water tends to flow from the anode side

to the cathode side under the electro-osmotic drag in the

membrane, the humidification of anode gas is the most

effective and most common method to humidify the

membrane. If insufficient water is provided in the anode

side, the membrane is prone to dehydration. Sufficient

water is favorable to decrease the membrane proton

resistance, but too much water increases the possibility

of forming liquid water in the cathode gas diffuser and

decreases the oxygen mass fraction and the cathode

limiting current density. In addition, high anode hu-

midification temperature decreases the hydrogen partial

pressure, thus the anode limiting current density de-

creases too. This may have no significant effect when

pure hydrogen is used, but the effect becomes more

pronounced when reformed gas is used where N2 and

CO2 represent substantial fractions. Fig. 10 shows the

variation of liquid saturation at points F and C in the

cathode side with the current density for different anode

humidification temperatures. Similar to the discussions

before, the liquid saturation in both the gas diffuser and

in the gas channel increases with the operating current

Fig. 9. The variation of liquid saturation with current density for different air inlet humidification temperatures: (a) point F in Fig. 1;

(b) point C in Fig. 1.
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density, and the liquid saturation at F is higher than that

at C. When the anode humidification temperature is

100 �C, the magnitude of liquid saturation in the gas
diffuser is even higher than that at air humidification

temperature at 100 �C, which means that anode hu-
midification is an important factor to form liquid water

in the cathode side. At high anode humidification tem-

perature (e.g., 100 �C), the liquid water is formed in the
gas diffuser and in the fluid channel when the fuel cell is

operated at a very low current density. With the anode

humidification temperature decreasing, the threshold

current densities for both the gas diffuser and the cath-

ode gas channel increase. The threshold current densities

in the cathode gas diffuser and in the cathode gas

channel are about 0.66 and 0:87 A=cm2, respectively,

when the hydrogen humidification temperature is 20 �C.
We may also observe that the limiting current density

decrease to about 1:12 A=cm2 when the hydrogen hu-

midification temperature is 100 �C.
Besides the factors discussed above, the characteris-

tics of the porous media, such as porosity, permeability

and surface tension coefficients, definitely affect the two-

phase flow characteristics, which will be studied in future

work.

4. Conclusions

A two-dimensional, two-phase and multi-component

model has been developed to model the flow and

transport in the combined gas channel and porous gas

diffuser in the PEM fuel cell. The model does not need to

assume the ‘‘condensation front’’ as a priori; it may

predict the formation and distribution of two-phase flow

in the gas diffuser and the gas channel simultaneously.

The following conclusions can be derived from this

study:

1. The net water transport coefficient depends on the

operating current density, the water activity on the

cathode and anode sides, the water partial pressure

on two sides, and the membrane properties.

2. The threshold current density needed to form two-

phase flow and the distribution of liquid saturation

in the cathode side depends on the fuel cell operating

temperature, cathode and anode humidification tem-

peratures and the characteristics of porous gas dif-

fuser.

3. The two-phase flow model provides a more realistic

simulation in the flow and transport in the PEM fuel

cell. It could be a very valuable tool for water and

thermal management, as well as for the design and

operation of PEM fuel cells.
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