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A three-dimensional, mathematical model for two-phase flow dynamics in polymer electrolyte fuel cells has been developed
based on the two-flow model and the mist flow model. Our proposed model basically consists of three zones to account for
water flow dynamics: (i) a single-phase flow zone in the gas channel, (ii) two-phase flow zones in the catalyst layer and the
gas diffusion layer, and (iii) an electrolyte-phase flow zone in the electrolyte membrane. The mist flow model and the two-flow
model are applied to single-phase and two-phase flow zones, respectively. The model employed in this research focuses on
water management that balances membrane dehydration with electrode flooding. From the simulation results, it can be
concluded that the optimal operating conditions are the inlet humidification level of 100% anode and 50% cathode at 70 oC
and the anode and cathode inlet stoichiometry ratio of 1.8 at 1.5 A/cm2 reference current density.
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Introduction

Water flooding is one of the main limitations in
polymer electrolyte fuel cells (PEFCs) performance.
This is a phenomenon that liquid-phase water gene-
rated in the cathode catalyst layer by electrochemical
reactions condenses and blocks some of the open pores,
limiting the mass transport of oxygen to the catalyst
layer through the gas diffusion layer. Additionally,
liquid-phase water covers the active sites on catalysts,
decreasing the electrochemically-active surface area.
Consequently, water flooding results in a serious pro-
blem that reduces the cell performance by the limit-
ation of the oxygen reduction reaction. On the other
hand, water is an important factor for the hydration of
the membrane which is required for high proton con-
ductivity. A polymer membrane used in a PEFC, as an
electrolyte, must be sufficiently wetted by water to
maintain a high proton conductivity. Therefore, effec-
tive water management is an essential problem to be
solved for enhancing cell performance. 

However, an experimental understanding of the water
transport phenomena involving water flooding is limit-
ed by the inaccessibility of in situ experimental mea-
surements for PEFC electrodes and the following com-
plex mechanisms of water transport across the mem-
brane phase: (i) electro-osmotic drag due to the proton
flux, (ii) permeation due to the hydraulic pressure

gradient, and (iii) diffusion due to the concentration
gradient. And numerical simulations on PEFCs con-
tinue to gain acceptance as an essential tool to over-
come this limitation.

Many researchers have made signification attempts
to develop mathematical models for two-phase flow
dynamics in PEFCs. Early efforts were made by Springer
et al. [1, 2].

They proposed a one-dimensional model for predict-
ing PEFC performance. This model predicted the water
flooding effect on cell performance, but didn’t consider
the liquid water transport by a flooding parameter. A
more realistic and detailed model is the two-flow
model of Nguyen et al. [3, 4]. They presented a two-
dimensional, water two-phase model included capillary
transport of liquid water in the gas diffusion layer.
However, this model considered only the cathode regions
for an analysis of the water flooding effect. More
recently, Pasaogullari and Wang [5] developed a three-
dimensional, two-phase model of a PEFC based on a
multiphase mixture formulation by Wang and Cheng
[6]. This model considered all regions of the PEFC.
However, the water activity in the two-phase zone was
unreasonably significant and analysis of liquid water
transport in the anode regions is very unstable.

The objective of the present study is to develop a
three-dimensional mathematical model which includes
the two-phase flow dynamics of PEFCs, thereby pre-
dicting the water flood phenomena. The present model
is fundamentally based on the two-flow model [3, 4]
and the mist flow model [5]. The mist flow model is
applied in the gas channels on the assumption that two-
phase mist flow is present inside the gas channels and
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the liquid velocity is equivalent to the gas velocity.
And the two-flow model is applied in the catalyst
layers and gas diffusion layers. In addition, the effects
of the inlet humidification level and stoichiometry ratio
on cell performance were investigated and optimal
conditions of water management were found.

Mathematical Model

Model Description
Figure 1 shows a scheme of a three-dimensional PEFC

system. In this research the system was considered a
serpentine, 35-flow-channeled unit cell system. The
modelled regions consist of two flow channels, two gas
diffusion layers, two catalyst layers and an electrolyte
membrane. Fully humidified H2 and air at 70 °C are
supplied to the anode and cathode inlet channel,
respectively. Water is generated at the cathode catalyst
layer by the oxygen reduction reaction. However, if too
much water accumulates in the cathode, it condenses
and may result in water flooding.

Model assumptions
The proposed model includes the following assump-

tions: (i) ideal gas mixtures, (ii) incompressible and
laminar flow, (iii) a homogeneous porous gas diffusion
layer and catalyst layer, (iv) isothermal cell condition,
(v) a highly electron-conductive solid matrix, and (vi)
mist flow condition of liquid water inside channels.

Governing equations
The mass conservation equation is:

 (1)

where ρ is the density of the gas phase. According to
the preceding assumption (ii), mass source/sink terms
are ignored.

The momentum conservation equation is:

 (2)

where ε is the effective porosity inside porous mediums,
and μ is the viscosity of the gas phase.

The momentum source term, S
u
, is used to describe

Darcy’s drag for flow through porous gas diffusion
layers and catalyst layers [7, 8] as:

 (3)

where K is the gas permeability inside porous mediums.
The species conservation equation is:

 (4)

where  is the effective diffusion coefficient of species
k (e.g. hydrogen, oxygen, nitrogen and water vapor)
and is defined to describe the effects of porosity in the
porous gas diffusion layers and catalyst layers by the
Bruggeman correlation [9] as:

 (5)

In addition, the diffusion coefficient is defined as a
function of temperature and pressure [10] by the follow-
ing equation: 

 (6)

Transport properties for species are summarized in
Table 1.

The charge conservation equation is:

 (7)

where κ
e
 is the proton conductivity in the membrane

phase and has been correlated by Springer et al. [1] as:
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Fig. 1. A schematic of the unit cell of PEFC.



Model of two-phase flow dynamics for optimal water management in polymer electrolyte fuel cells 247

 (8)

where λ is the water content of the membrane phase,
which means the number of water molecules per
sulfonate group inside the membrane phase. The water
content is defined as a function of the water activity, a,
by the following fit of the experimental data [11]:

 (9)

Here, the water activity, a, is given by [12]:

 (10)

where 2s is added to the original formulation to
account for the phase change in the present two-phase
model. By the Bruggeman correlation [9], the proton
conductivity in the catalyst layers is defined as:

 (11)

where εm is the volume fraction of the membrane-phase
in the catalyst layer. 

The source/sink term, Sk and  SΦ, in Eq. (4) and (7)
are given in Table 2.

Using the electrolyte-phase potential, Φe, obtained by
Eq. (7), it is possible to calculate the electrolyte-phase
potential gradient in the membrane. Finally, the local
current densities are obtained by:

 (12)

The average current density is then calculated from:

 (13)

Water transport 
The present model basically consists of three zones

to account for water flow dynamics: (i) a single-phase
flow zone in the gas channel, (ii) two-phase flow zones
in the gas diffusion layer and the catalyst layer, and (iii)
an electrolyte-phase flow zone in the electrolyte memb-
rane. 

The mist flow model [5] and the two-flow model [3,
4] are applied to the single-phase and two-phase flow
zones, respectively.

– The water transport in the electrolyte membrane

The water transport in the membrane is defined as
the following conservation equation:

 (14)

where  and nd are the water diffusivity and the
electro-osmotic drag coefficient in the membrane phase,
respectively and are obtained by the following fits of
the experimental data [11]:

 (15)

 (16)

The equivalent water concentration, , is given by:

 (17)

where ρmem and EW are the dry membrane density and
the equivalent weight of the membrane, respectively.

In this study, the permeation of liquid water due to
the hydraulic pressure gradient across the membrane
has been neglected, because the hydraulic permeability
and pressure gradient is very small in the membrane.

– Liquid water transport

The liquid water conservation equation is:

 (18)

where ρl and μl are the density and viscosity of the
liquid phase, respectively. The water saturation, s, is
the volume fraction of liquid water inside the open
pore space of the gas diffusion layers and catalyst
layers. 

In the present model, it is assumed that the liquid
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Table 1. Transport properties [7, 10]

Property Value

H2 diffusivity in the gas channel, 1.1028×10−4 m2/s

O2 diffusivity in the gas channel, 3.2048×10−5 m2/s

H2O diffusivity in the gas channel, 7.35×10−5 m2/s

H2 diffusivity in the membrane, 2.59×10−10 m2/s

O2 diffusivity in the membrane, 1.22×10−10 m2/s
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Table 2. Source terms for species and charge conservation
equations in each regions

Species Charge

Flow channels Sk = 0 SΦ = 0

Gas diffusion layers Sk = 0 SΦ = 0
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Membrane SΦ = 0
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phase velocity, ul, in the gas channel is equal to the gas
phase velocity according to the mist flow model that
the liquid water in the gas channel is assumed to exist
in a fine mist and travel with the gas velocity. 

The liquid water transport in the porous gas diffusion
layers and the catalyst layers is influenced by the
capillary pressure. The definition of the capillary pre-
ssure, pc, is:

 (19)

where P and pl are the pressure of the gas phase and

liquid phase, respectively. In this study, the capillary
pressure is related to phase saturations via the Leverette
function [13] as:

 (20)

where σ is the surface tension, θc is the contact angle
and J(s) is the Leverette function, and is given by:

 (21)

The source/sink term, Sw, in Eq. (18) is defined as:

(22)

where kc and ke are the condensation and evaporation
rate constants, respectively. Cw is the molar concen-
tration of water vapor. The saturation pressure of water,

, can be computed from Springer et al. [1] by the
following equation:

log10 = −2.1794+0.02953(T−273.15)
 −9.1837×10−5 (T−273.15)2 (23)
 +1.4454×10−7 (T−273.15)3

The source/sink term of the liquid water conservation
equation is not applied in gas channels according to the
mist flow assumption.

– Water flooding

Liquid water generated in the cathode catalyst layer
by an electrochemical reaction condenses and blocks
some of the open pores, limiting the mass transport of
oxygen to the catalyst layer through the gas diffusion
layer. In the present model, this effect is employed by:

 (24)

Additionally, liquid-phase water covers the active sites

on catalysts, decreasing the electrochemically-active
surface area. This is modeled as:

aeff = a0 (1−s)  (25)

Detailed material properties are given in Table 3.

Electrochemical kinetics
The exchange current density, j, means the transfer

current between the solid-phase matrix and the electro-
lyte-phase in the catalyst layers. In the anode catalyst
layer, the hydrogen oxidation reaction (HOR), which
has much faster kinetics relatively than the oxygen
reduction reaction (ORR), which can be defined by the
following linear electro-chemical kinetic rate equation
[1]:

 (26)

where αa and αc are the anode and cathode transfer
coefficients, respectively and the sum of these is
preferred to be 2. In the cathode catalyst layer, the
oxygen reduction reaction (ORR) is defined by the
following Tafel kinetic rate equation:

 (27)

where the cathode transfer coefficient, αc, is taken to
be unity. The overpotential, η, is given by:

 (28)

According to the preceding assumption (v), Φs is equal
to zero in the anode catalyst layer and to the cell
voltage in the cathode catalyst layer. The thermo-
dynamic open circuit potential, Voc, becomes zero for
the anode and is defined for the cathode as [14]:

Voc=1.23−0.9×10−3 (T−298.15)  (29)

Detailed electrochemical properties are given in Table
4.

Boundary conditions
For the momentum conservation equation, gas velo-

cities are specified at each inlet of the anode and
cathode flow channels. The velocity is calculated based
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Table 3. Material properties [15, 16]

Property Value 

Gas diffusion layer porosity, εGDL 0.4

Volume fraction of membrane in catalyst layer, εm 0.5

Dry membrane density, ρmem 1980 kg/m3

Equivalent weight of membrane, EW 1.1 kg/mol

Surface tension, σ 0.0625 N/m

Contact angle of gas diffusion layer, θc 110o
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on the concept of stoichiometry, ζ, which means the
required amount of fuel at a given current. Then, the
inlet velocities for the anode and cathode inlets are
expressed by:

 (30)

where Iref is the reference current density, and AMEA and
Ach are the electrode surface and the flow channel area,
respectively. The inlet species concentrations are
calculated by the anode and cathode humidification
conditions. 

At each outlet of the anode and cathode flow
channels, fully developed flow is assumed with back
pressure and species concentrations are given by a no-
flux boundary condition.

Numerical implementation
In this study, numerical modeling and simulation of a

three dimensional PEFC were implemented with a
commercially available computational fluid dynamics
code, FLUENT, by customizing via user-defined func-
tions. Over 500 iterations, about 3 hours were taken to
reduce each residual value below 10−8 with a 3.0 GHz
PC. About 800,000 computational cells were used in
all the simulations. 

Results and Discussion

Model validation

To validate the present model, a comparison with
experimental data [15] has been carried out. The di-
mensions of the model are given in Table 5, based on a
realistic experimental cell geometry. For the validation,
the operational conditions are specified as 70 oC and 3
atm for both the anode and cathode, and inlet species
are fully humidified at 70 oC. The flow rates for the

anode and cathode inlet have constant values corre-
sponding to a stoichiometric flow ratio of 1.8 and 1.4 at
the reference current density of 1.5 A/cm2, respectively.

Figure 2 compares the polarization curve predicted
with the experimental data. Note the coincidence of the
experimental data and the model.

Through the present model, the following parametric
studies were performed to gain the optimal water
management conditions.

The Effect of inlet humidification level on cell per-
formance

To investigate the effect of inlet humidification condi-
tions on water flooding, simulations were performed at
various humidification levels. The relative humidity of
the cathode inlet varied from 25 to 100% at 70 oC, and
the anode was fixed by 100%. The other operational
conditions were equal to the preceding validation case.

Figure 3 and 4 display the average liquid saturation
levels in the cathode catalyst layer and the polarization
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ζaIref AMEA

2CH
2
,inFAch

---------------------------,  uin,c=
ζcIref AMEA

4CO
2
,inFAch

---------------------------

Table 4. Electrochemical properties

Property Value 

Anode reference exchange current density, 1.0×109 A/m3

Cathode reference exchange current density, 
 at 343.15 K

1.8×103 A/m3

Faraday constants, F 96487 C/mol

Universal gas constant, R 8.314 J/mol K

a0 ja
ref

a0 jc
ref

Table 5. Dimensions of PEFC [15]

Dimension Value 

Gas channel length 7.0×10−2 m

Gas channel width and depth 1.0×10−3 m

Gas diffusion layer thickness 3.0×10−4 m

Catalyst layer thickness 1.29×10−5 m

Membrane thickness 1.08×10−4 m

Fig. 2. Measured and calculated average polarization curves at
70 oC and 3 atm, fully humidified inlets at 70 oC, and anode/
cathode stoichiometry ratio of 1.8/1.4 at 1.5 A/cm2.

Fig. 3. Predicted average liquid saturation levels in the cathode
catalyst layer for different inlet humidification levels.
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and power curves for different humidification levels,
respectively. In the fully humidified case, liquid water
exists even at low current densities and gradually
increases as the current density increases, due to an
increase in the water production rate in the cathode
catalyst layer. When the average current density ranges
beyond 1.3 A/cm2, the polarization curve rapidly de-
clined due to the mass transport limitation and water
flooding. In the case of 100% anode and 25% cathode,
liquid water is not present below 0.3 A/cm2 because the
water vapor concentration is smaller than the saturation
level in this range. When the average current density
ranges below 0.8 A/cm2, the cell performance is signi-
ficantly lower than the fully humidified case due to the
relatively low hydration of the membrane. However,
beyond 0.9 A/cm2, the average current density is signi-
ficantly higher than the fully humidified case. This
result arises from three main factors: (i) complete hydr-
ation of the membrane by water produced from the
ORR, (ii) a relatively low water flooding level, and (iii)
a relatively higher inlet molar concentration of oxygen
due to the low inlet relative humidity. 

From the results of the inlet humidification effect on
the cell performance, it can be concluded that the
optimal inlet humidification level is at 100% anode and
50% cathode where the optimal cell performance was
seen throughout the average polarization and power
curves.

The Effect of the inlet stoichiometry ratio on cell
performance

Generally, high inlet stoichiometry conditions enhance
the cell performance as they relieve the mass transport
limitation of oxygen at high current densities. However,
high stoichiometry conditions adversely affect the cell
performance due to drying out of the membrane,
especially in low humidity conditions. Furthermore,
high stoichiometry conditions reduce the overall system
efficiency due to an increase in the air compressor
load. In this part, a simulation is performed on the

various inlet stoichiometry ratios to investigate the
effect of inlet stoichiometry conditions on the cell
performance. The stoichiometry ratio of the cathode
inlet varied from 1.0 to 1.8 at 1.5 A/cm2 reference
current density and the anode was fixed by 1.8. The
other operational conditions are equal to the relative
humidity case of 100% anode and 50% cathode per-
formed in the previous part. 

Figure 5 and 6 show the average liquid saturation
levels in the cathode catalyst layer, and the polarization
and power curves for different inlet stoichiometry ratios,
respectively. In the average current density region below
0.5 A/cm2, the cell performance was slightly higher
when the stoichiometry ratio was lower because the
water concentration in the flow channel increased
faster and the membrane was hydrated better.

However, in the average current density region beyond
1.0 A/cm3, the average polarization curve of the lower
inlet stoichiometry case declines much faster than the
higher stoichiometry case, due to the faster mass trans-
port limitation. Moreover, as shown in Fig. 5, liquid
water was produced faster and more in the lower

Fig. 4. Calculated average polarization and power curves for
different inlet humidification levels. Fig. 5. Predicted average liquid saturation levels in the cathode

catalyst layer for different inlet stoichiometry ratios.

Fig. 6. Calculated average polarization and power curves for
different inlet stoichiometry ratios.
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stoichiometry condition due to the rapid increase of the
water concentration in the flow channel, resulting in a
decline of the cell performance. 

Finally, from the preceding results of the inlet
stoichiometric and humidification effect on the cell
performance, it can be concluded that the optimal
operating conditions are an inlet humidification level of
100% anode and 50% cathode at 70 oC and the inlet
stoichiometry ratio of 1.8 anode and 1.8 cathode at 1.5
A/cm2 reference current density.

Conclusions

A three-dimensional, mathematical model for two-
phase flow dynamics in polymer electrolyte fuel cells
has been developed based on the two-flow model and
the mist flow model. From a comparison with experi-
mental polarization curve data [15], the model is
validated. To obtain the optimal operating conditions
on water management, detailed analyses of the inlet
stoichiometric and humidification effect on the cell
performance were performed. Consequently, it can be
concluded that the optimal operating conditions are an
inlet humidification level of 100% anode and 50%
cathode at 70 oC and the anode and cathode inlet
stoichiometry ratio of 1.8 at 1.5 A/cm2 reference current
density.
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Nomenclature

List of symbols
a : water activity
a0 : specific surface area [1/m]
A : area [m2]
AGDL : anode gas diffusion layer
C : molar concentration [mol/m3]
D : diffusion coefficient [m2/s]
EW : equivalent weight of membrain
F : Faraday constant [C/mol]
I : local current density [A/m2]
j : exchange current density [A/m2]
kc : condensation rate constant 
ke : evaporation rate constant 
K : gas permeability [m2]
nd : electro-osmotic drag coefficient
pc : capillary pressure [Pa]
P : pressure [Pa]
R : universal gas constant [J/mol·K]
RH : relative humidity
s : saturation
S : source/sink term

T : temperature [K]
u : velocity [m/s]
Voc : open-circuit potential [V]

Greek Letters
α : transfer coefficient
ε : porosity
Φ : potential [V]
η : local overpotential [V]
κ : proton conductivity [S/m]
λ : water content
μ : viscosity [kg/m·s]
θc : contact angle [ o ]
ρ : density [kg/m3]
σ : surface tension [N/m]
ζ : stoichiometry ratio

Superscripts
eff : effective
ref : reference

Subscripts
a : anode
avg : average
c : cathode
ch : flow channel
e : electrolyte-phase
GDL : gas diffusion layer
in : inlet
k : species
l : liquid
m : membrane-phase in the catalyst layer
mem : membrane
MEA : membrane electrode assembly
s : solid-phase
u : momentum
w : water
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