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Abstract−To analyze the physical phenomena occurring in the Proton Exchange Membrane Fuel Cell (PEMFC)
using Computational Fluid Dynamics (CFD) technique under an isothermal operating condition, four major governing
equations such as continuity equation, momentum conservation equation, species transport equation and charge con-
servation equation should be solved. Among these governing equations, using the interfacial boundary condition is
necessary for solving the water transport equation properly since the concept of water concentration in membrane/elec-
trode assembly (MEA) and other regions is totally different. It was first attempted to solve the water transport equation
directly in the MEA region by using interfacial boundary condition; and physically-meaningful data such as water
content, proton conductivity, etc. were successfully obtained. A detailed problem-solving methodology for PEMFC
is presented and result comparison with experimental data is also implemented in this paper.
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INTRODUCTION

The Proton Exchange Membrane Fuel Cell (PEMFC) is a kind
of generator that produces electricity through electro-chemical reac-
tions. Since, unlike a battery, it requires fuel gases for generating
electricity, there are several transport phenomena (e.g., fluid con-
vection, species transport, heat transfer, etc.) in fuel cell [Carrette et
al., 2000, 2001; Larminie et al., 2000]. Besides, there are mainly
three electro-chemical reactions in the anode and cathode catalyst
layer such as hydrogen oxidation reaction, oxygen reduction reac-
tion, water generating reaction. In order to numerically simulate
these phenomena, five major governing equations such as continu-
ity, momentum conservation, energy conservation, species transport
and charge conservation equation should be solved simultaneously.
However, since isothermal operating condition is assumed in this
paper, the energy conservation equation is currently out of our re-
search focus.

In Finite Volume Method (FVM) based computational fluid dy-
namics (CFD) technique, it is unnecessary to give interfacial bound-
ary conditions since the solver gradually approaches to get the con-
verged numerical solutions by balancing flux values in each con-
trol volume with external information, the so-called boundary con-
dition. So, while using FVM-based CFD technique, we do not have
to consider internal boundary conditions for the reason mentioned
above.

However, when PEMFC is given as a target system, the situa-
tion is quite different. This is due to complex physical phenomena
in PEMFC. In general systems, physical phenomena are usually
continuous through the entire computational domain. However, when
it comes to PEMFC, phenomena inside PEMFC are not continuous:
(i) hydrogen, oxygen and water vapor distribution discontinuity,
(ii) liquid water distribution discontinuity (exists only in MEA), and

(iii) electrolyte potential distribution discontinuity. To deal with this
phenomenally discontinuous problem, several numerical techniques
(e.g. source term maximizing) were used in other researches.

However, even with these numerical techniques, it is nearly im-
possible to deal with water transport phenomenon in MEA since
boundary conditions between gas diffusion layer and catalyst layer
are required. This is because the concept of mass (or mole) fraction
of water membrane is inexplicable--to paraphrase, the value of the
mass fraction in the membrane always has to be unity since only
water vapor exists in that region. So, though water status in MEA
is not exactly determined, solving the water concentration equation
in the MEA region is necessary in order to get physically-reasonable
proton conductivity.

Dutta et al. [2000] and Berning et al. [2002] solved mass frac-
tion-based species transport equations and dealt with water species
as a gas phase. They did not consider the MEA region as a com-
putational domain; in other words, governing equations were not
solved in the MEA region. Only the catalyst layer was considered
as a face (not as a volume) source because of its thickness.

Um et al. [2000] solved the whole computational domain includ-
ing the MEA region with a single domain concept. However they
did not solve the water concentration profile in MEA; instead, they
solved the water vapor species transport equation to get water ac-
tivity values in MEA. In order to obtain the water content values in
MEA they used the experimental relationship between water activ-
ity and water content that Springer et al. [1999] had presented. They
used the linear extrapolation method to predict water content value
in a range that water activity is over unity. This is phenomenally
inexplicable since the water activity value is always equal to or less
than unity. Also, the water vapor mass fraction value in the mem-
brane region is physically inexplicable since only one species (water
vapor) exists in the MEA region, i.e., the common concept of mass
fraction cannot be used in MEA.

In PEMFC modeling, water content is one of the most impor-
tant key factors in predicting current density distribution in MEA
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since proper and physically-understandable water content values
give exact electrolyte potential distribution in MEA. Consequently,
current density distribution is calculated by using this electrolyte
potential gradient.

From this point of view, water content prediction should be based
on water concentration profile rather than water activity in MEA,
especially in the PEM region. In order to get the water concentra-
tion profile in MEA, the interfacial boundary condition between gas
diffusion layer and catalyst layer is necessary.

In this paper, the water concentration profile is directly solved
and water content is taken based on the calculated water concentra-
tion. Also, current density is numerically predicted and compared
with experimental data.

MATHEMATICAL MODEL

Fig. 1 shows a system schematic of a two dimensional PEM Fuel
Cell. Whole governing equation is solved simultaneously in all seven
layers by finite volume method. However, there is a phenomenally
discontinuous distribution of numerical solution in the system. That
is,

1. Hydrogen mass fraction (or mole fraction) exists only in ACH,
AGDL, ACL

2. Oxygen mass fraction (or mole fraction) exists only in CCH,
CGDL, CCL

3. Water mass fraction (or mole fraction) does not exist in ACL,
PEM, CCL (MEA)

4. Water concentration exists only in ACL, PEM, CCL (MEA)
5. Electrolyte potential exists only in ACL, PEM, CCL (MEA)

There are several numerical techniques such as source term max-
imization, diffusion coefficient maximization to solve these discon-
tinuous phenomena. Numerically, these techniques are for mini-
mizing convection and diffusion effects in each governing equation.
So, to some extent, there is a numerical error in the computational
domain. However, if an interfacial boundary condition is added be-
tween the gas diffusion layer and catalyst layer, we can perfectly

protect numerical diffusion and also the boundary condition setting
of water concentration at ACL and CCL is possible.

Though, actually, all governing equations are solved simultaneous-
ly, phenomenally-calculated governing equations are different in
each layer. So, for better understanding, mathematical models are
overlapped in each layer.
1. Governing Equations
1-1. Anode Flow Channel (ACH)

In this paper we do not consider reforming processes and assume
that only pure hydrogen gas is used as fuel. So, in the anode flow
channel, humidified hydrogen gas is supplied. Mass fractions of
two species (hydrogen, water vapor) are calculated by solving the
species transport equation. Phenomenally, there are fluid convec-
tion and molecular diffusion in the channel. There are no source
terms in each governing equation since the flow channel is not a
porous medium and there are no electrochemical reactions.

(1)

(2)

(3)

(4)

where, ρa
eff is an effective fluid density based on species mixing and

µa
eff means effective fluid viscosity. They are defined based on mass

fraction ratio. Subscript “a” means anode.

(5)

(6)

Also ε is unity since concept of porosity or volume fraction is un-
necessary in this layer.
1-2. Anode Gas Diffusion Layer (AGDL)

In this region, ε value is valid. ε is a kind of concept of volume
fraction, in other words, how much amount is taken by targeted vol-
ume out of total volume. Thus, when momentum conservation and
species transport equation are considered in porous media, fluid vol-
ume fraction comes to be so-called porosity. All equations were
formulated based on volume-averaged velocity concept. Darcy’s law
was used to describe momentum sink term and pore distribution in
G.D.L. is assumed to be homogeneous. Source term, Su, is defined
in Table 1.

(6)

(7)

(8)

(9)

1-3. Anode Catalyst Layer (ACL)
In this region, only molecular diffusion is considered since the

fluid convection effect in catalyst layer is negligible. In this layer,
the electron-conductive solid phase (platinum), proton-conductive
electrolyte phase (ionomer) and gas-diffusible fluid phase co-exist.
In each phase, different physical phenomena occur: (i) hydrogen
gas diffuses from fluid phase into electrolyte phase (ionomer) to
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Fig. 1. A Schematic of PEM fuel cell.
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make an electrochemical reaction (see Fig. 2). (ii) water diffuses by
concentration gradient in electrolyte phase. (iii) water migrates by
potential gradient in electrolyte phase. (iv) electrolyte-phase poten-
tial exists in electrolyte phase. and (v) solid-phase potential exists
in solid phase (e.g., platinum, graphite).

(10)

(11)

(12)

Especially the electrolyte-phase and solid-phase potential are phe-
nomenally related to proton conduction and electron, respectively.
In other words, the potential gradient in solid phase is a driving force
for electron conduction and potential gradient in electrolyte phase
is a driving force for proton conduction.

This means that there are solid phase potential value and elec-
trolyte phase potential value in one control volume simultaneously
(see Fig. 3) and thus the concept of volume fraction is introduced
in order to handle this physical phenomenon. These two potential
values are mathematically linked based on the definition of over-
potential, η=Φs−Φe−Voc. So, conceptually, two charge conservation
equations have to be solved simultaneously. However, since solid-
phase material (e.g., platinum, graphite) is highly electron-conduc-
tive, solid-phase potential is treated as a constant. In the charge con-
servation equation, the amount of charge generated in ACL is de-
fined based on Butler-Volmer’s equation and this equation is hydro-
gen mole fraction dependent. This means the species transport equa-
tion and charge conservation equation cannot be solved separately
since variables in governing equations are tightly linked.

Also, the mole fraction of each species is calculated as below.

(13)

1-4. Proton Exchange Membrane (PEM)
In this region molecular diffusion of water, water migration and

proton conduction are considered. Also, it is assumed there is no
momentum transfer through the whole membrane phase. The ma-
jor driving force for proton migration is the electrolyte-phase poten-
tial gradient due to electrochemical reaction in the anode and cath-
ode catalyst layer.

(14)

(15)

1-5. Cathode Catalyst Layer (CCL)
The concept and numerical treatment are basically identical with

anode catalyst layer (ACL); only sort of the species is different.

(16)

(17)
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Table 1. Sources of terms for each equation in each layer

Su (momentum) Si (species) SΦ (potential)

AGDL 0 0

ACL 0

PEM 0 0

CCL 0

CGDL 0 0
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Fig. 2. Hydrogen gas diffusion mechanism in catalyst layer.

Fig. 3. Conceptual plot of phase potential distribution.
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(18)

1-6. Cathode Gas Diffusion Layer (CGDL)
The concept and numerical treatment are basically identical with

anode gas diffusion layer (AGDL); only sort of the species is different.

(19)

(20)

(21)

(22)

1-7. Cathode Flow Channel (CCH)
The concept and numerical treatment are basically identical with

anode flow channel (ACH); only sort of the species is different.

(23)

(24)

(25)

(26)

Though two species transport equations are also considered at
the cathode compartment, there are actually three kinds of species
(e.g. O2, H2O, N2). However we do not have to solve whole three
governing equations since the mass fraction of nitrogen can be gain-
ed by 1−(ωH2

+ωH2O) at each control volume.
2. Boundary Conditions

In Fig. 1, boundary symbols are designated at each boundary. At
the anode and cathode inlet boundary (B.C.01 & B.C.02), the ve-
locity boundary condition is given based on stoichiometry, u=f(ζ,
Xi, Iref, Pin, Tin, AMEA, Ach). At the anode and cathode outlet bound-
ary, the pressure values for the momentum conservation equation
are given as a boundary condition. This is because operating pres-
sure values are usually experimentally measured at the outlet. Addi-
tionally, for other scalar transport equations, non-flux boundary con-
dition was used.

At interfacial boundaries between the gas diffusion layer and cat-
alyst layer, basically wall-type boundary condition was used. By
giving this boundary into the interfacial region, seven layers are con-

ceptually divided into three computational domains: (i) ACH, ADGL
region, (ii) ACL, PEM, CCL region, and (iii) CGDL, CCH region.

The main purpose for using this interfacial boundary condition
is to give boundary conditions for water concentration and charge
conservation equation. Also, because of this boundary condition, it
is easier to solve charge conservations equation since numerical dif-
fusion from catalyst layer to gas diffusion layer is perfectly blocked.

Additionally, since a wall-type boundary condition is used at
B.C.09 and B.C.10, species diffusion through this boundary is nu-
merically impossible. In order to solve this, the flux-coupling meth-
od for H2, O2, H2O(vap.) equations is used.

More specific mathematical expressions for each boundary are
presented in Table 2.
3. Water Transport in MEA

Fig. 4 shows the water transport mechanism introduced in this
paper. Typically, there are several important physical phenomena to
explain water transport in membrane:

(i) water generation in cathode catalyst layer
(ii) molecular diffusion by concentration gradient
(iii) migration by electrolyte-potential gradient
(iv) migration by capillary force
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Table 2. Boundary conditions for momentum conservations equation and scalar transport equations

Momentum ωH2
ωO2

ωH2O, G CH2O, L Φe

B.C.01 specified value ωO2
=0 specified value CH2O, l=0 Φe=0

B.C.02 ωH2
=0 specified value specified value CH2O, l=0 Φe=0

B.C.03 specifies value

B.C.04 specifies value

B.C.09

B.C.10

(Note!) Boundary conditions for all scalar variables at from B.C.05 to B.C.08 are set as non-flux.
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Fig. 4. Conceptual approach for describing water transport in
MEA.
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The current model in this paper covers (i), (ii) and (iii) since (i),
(ii) and (iii) are the most influential effects in water transport. It is
simply assumed that gas phase water (water vapor) is condensed
into ACL and CCL through the interfacial boundary between the
gas diffusion layer and catalyst layer. Thus condensed water vapor
is thought to be adsorbed into membrane. Absorbed water is con-
sidered as liquid phase and physical properties for the water con-
centration equation are used based on liquid phase water.

Though it is not included in this paper, water state in MEA is
very important in macroscopic modeling. In order to solve molec-
ular diffusion in MEA, using appropriate physical properties is nec-
essary. According to Adam’s research [2003], the water state in mem-
brane is water-content-dependent; thus there is a transient phase be-
tween gas phase and liquid phase. In order to deal with this physical
situation, a more reliable mathematical expression is needed. For
one example, the density of gas phase water and liquid phase water
is extremely different. So, from this point of view, dealing with the
physical state of water might be very important.
4. Current Density Calculation

Once electrolyte-phase potential values in each control volume
are calculated, it is possible to calculate the phase-potential gradi-
ent in MEA. Also, we know the proton conductivities in each con-
trol volume. So, current density and current density magnitude cal-
culation are performed as presented below in each control volume.

(27)

(28)

Additionally, the average current density value in MEA is deter-
mined by

(29)

5. Numerical Implementation
In this paper, numerical modeling and simulation of two dimen-

sional PEMFC were implemented with commercially-available CFD
code, FLUENT. However, since FLUENT does not present an elec-
trochemistry modeling module, whole governing equations except
momentum conservation equation were solved by using User-De-
fined Functions, a kind of user subroutine program.

In the case of charge conservation equation, source terms are tight-
ly linked with species transport equations. Also, comparably quite
low under-relaxation factors and proper convergence criteria were
used for stable convergence since slope of those source terms are
numerically very stiff.

Over 200,000 iterations were taken to reduce each residual value
below 10−6 and make numerical solutions stabilized. Especially, even
though species transport equations and charge conservation equa-
tions are converged to some degree, more iterations are needed to
make current density values well-converged. This is because cur-
rent density values in each control volume are so sensitively affected
by the slope of potential profile.

Choosing proper under-relaxation factors can sometimes reduce
computation time dramatically since the number of iterations is gen-
erally affected by under-relaxation factors. In this paper, since the

value of under-relaxation factors is very low (e.g. 0.001), a huge
number of iterations were required.

A 50×180 (9,000 cells) mesh system was used in all simulation
cases for the sake of fast convergence. Computation time per each
case requires over 24 hours.

RESULTS AND DISCUSSIONS

Figs. 5 and 6 show hydrogen and oxygen mole fraction distribu-
tion in ACL and CCL, respectively. Phenomenally, the amount and
distribution of hydrogen gas and oxygen gas are among the most
important factors in determining electrolyte-phase potential field.
In other words, the electrolyte-phase potential in ACL is generated
by hydrogen oxidation reaction and that in CCL is depleted by oxy-
gen reduction reaction. Theoretically, in ideal state, amount of charge
generated in ACL and the amount of current depleted in CCL are
exactly same. Numerically, generation and depletion are treated as
source terms in each governing equation.

As it is shown in Figs. 5 and 6, electrolyte-phase potential values

I = − κe

∂Φe

∂x
---------i + 

∂Φe

∂y
---------j 

 

I  = κe

∂Φe

∂x
--------- 

 
2

 + 
∂Φe

∂y
--------- 

 
2

I avg = 
1
A
---- I dA∫

Fig. 5. Hydrogen mole fraction and electrolyte-phase potential dis-
tribution in anode catalyst layer (ACL) along x-directional
transverse distance at y=3.556 cm (1/2 L) when Wcell=0.6
V, Pa=3 atm, Pc=5 atm, Tcell=323 K & 353 K, ζa=2.8, ζc=3.0.

Fig. 6. Oxygen mole fraction and electrolyte-phase potential dis-
tribution in cathode catalyst layer (CCL) along x-directional
transverse distance at y=3.556 cm (1/2 L) when Wcell=0.6 V,
Pa=3 atm, Pc=5 atm, Tcell=323 K & 353 K, ζa=2.8, ζc=3.0.
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are affected by cell temperature and mole fraction of fuel gas. In
this case, it is not easy to single out the specific reason for electro-
lyte-phase potential distribution since the potential value is deter-
mined by mixed effects. Moreover, according to Table 1, generation
and depletion of electrolyte-phase potential are affected by H2 mole
fraction, O2 mole fraction, cell temperature and even electrolyte po-
tential itself. However, in the case of Figs. 5 and 6, since inlet bound-
ary conditions are equal to each other, only cell temperature is a key
factor in differentiating electrolyte-phase potential values in MEA,
and the results show generation and depletion of electrolyte-phase
potential are inversely proportional to the cell temperature. So, due
to the different cell temperature, the reaction rate in ACL and CCL
is different, and consequently the mole fraction of hydrogen and
oxygen in each case is different.

Fig. 7 shows the water concentration profile in MEA. In this pa-
per, it was assumed that water vapor is condensed into liquid water
at an interface of gas diffusion layer and catalyst layer (see Fig. 1
and Table 2) and the state of water in MEA is liquid. The concept
of water concentration is different in that solvent is not solid phase
and solute is liquid water. From this point of view, water concen-
tration in MEA can be considered as a kind of distribution of the
amount of liquid water. A sharp drop in CCL region is due to oper-
ating condition since there is no humidification process in the cath-
ode compartment. Though there is a water generating reaction in
CCL, the water concentration profile is different from the normal
case, i.e., the general water concentration profile has a peak point
in CCL and molecular diffusion by concentration gradient takes

Fig. 7. Water concentration distribution in MEA along x-direction-
al transverse distance at y=3.556 cm (1/2 L) when Wcell=0.6
V, Pa=3 atm, Pc=5 atm, Tcell=353 K, ζa=2.8, ζc=3.0.

Fig. 8. Water content and proton conductivity distribution in MEA
along x-directional transverse distance at y=3.556 cm (1/
2 L) when Wcell=0.6 V, Pa=3 atm, Pc=5 atm, Tcell=353 K, ζa=
2.8, ζc=3.0.

Table 3. Physical properties and parameters

Property Value

H2 diffusion coeff. in gas phase [m2/s]

H2 diffusion coeff. in electrolyte [m2/s] 2.59×10−10

O2 diffusion coeff. in gas phase [m2/s]

O2 diffusion coeff. in electrolyte [m2/s] 1.22×10−10

H2O diffusion coeff. in gas phase [m2/s]

H2O diffusion coeff. in electrolyte [m2/s]

Proton conductivity [s/m]

Water content

Cell temperature [K] 353
Anode operating pressure [Pa] 303975
Cathode operating pressure [Pa] 506625
Anode stoichiometry 2.8
Cathode stoichiometry 3.0

1.1 10 − 4 T
353
--------- 

 
3 2⁄ 1

p
--- 

 ×

3.5 10 − 5 T
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--------- 

 
3 2⁄ 1

p
--- 

 ×

7.35 10 − 5 T
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--------- 

 
3 2⁄ 1

p
--- 

 ×

3.1 10 − 7 λ e0.28λ
 − 1( ) e− 2346 T⁄⋅ ⋅ ⋅× for 0 λ 3< <

4.17 10 − 8 λ 1+ 161 eλ×( ) e− 2346 T⁄⋅ ⋅ ⋅× other ranges



0.5139λ  − 0.326( ) 1268
1

303
--------- − 

1
T
--- 

 exp

Mm dry,

ρm dry,

------------- CH2O L,×
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place from CCL to ACL. However, this is totally operating-condi-
tion-dependent. Thus, according to the operating condition, a peak
value in water concentration may exist in ACL. In the case of Fig.
7, as mentioned above, there is no humidification process at the cath-
ode compartment. So, if the amount of water is comparably abun-
dant at CCL, the peak value of water concentration can be in CCL.

Fig. 8 shows water content and proton conductivity profile in
MEA. As it is shown in Table 3, the water concentration, water con-
tent and proton conductivity are physically and mathematically linked
with each other. Mathematically, water content is a function of water
concentration and proton conductivity is a function of water con-
tent. So the shape of each graph is very similar.

Figs. 9 and 10 show anode and cathode over-potential profile in
ACL and CCL. In this paper, though open-circuit potential is a func-
tion of temperature, since isothermal operating condition is assumed,
it is a kind of constant value. Solid-phase potential in ACL and CCL
is also a constant since we do not solve the solid-phase phase po-
tential equation under an assumption that solid-phase material is
highly electron-conductive; thus there is no potential gradient. Based
on the definition of over-potential, η=Φs−Φe−Voc, anode and cath-

ode over-potentials are function of electrolyte-phase potential. When
electrolyte-phase potential profiles in Figs. 5 and 6 are considered,
the anode and cathode over-potential profiles in Figs. 9 and 10 can
be considered to be properly predicted.

Fig. 11 shows a result comparison between experimental and sim-
ulated data. Experimental data were taken from Ticianelli’s [1988]
paper. Each data point stands for averaged-value through MEA.
As it is shown, the current mathematical model slightly under-pre-
dicts current density value at a given cell potential and needs to be
modified to describe more detailed phenomena. However, in a gen-
eral manner, our model and approaching methodology are quite rea-
sonable for predicting water concentration profile directly.

CONCLUSIONS

A two dimensional, isothermal and steady-state PEMFC model
was developed by using a unique numerical technique. To directly
calculate the water concentration profile in MEA, we firstly intro-
duced an interfacial boundary condition into the interface between
gas diffusion layer (GDL) and catalyst layer (CL) and also attained
physically reasonable data.

More specific physical phenomena such as water state in MEA,
temperature-changing situation should be considered for more realis-
tic model development and we are currently focusing on these topics.

NOMENCLATURE

A : surface area [m2]
ACH : anode flow channel
AGDL : anode gas diffusion layer
ACL : anode catalyst layer
C : molar concentration [kgmol/m3]
CCH : cathode flow channel
CGDL : cathode gas diffusion layer
CCL : cathode catalyst layer
D : mass diffusion coefficient [m2/s]
F : Faraday constant [C/kgmol]
I : current density [A/m2]
j : volumetric current flow [A/m3]

Fig. 9. Anode over-potential distribution along x-directional trans-
verse distance at y=3.556 cm (1/2 L) when Wcell=0.6 V, Pa=
3 atm, Pc=5 atm, Tcell=353 K, ζa=2.8, ζc=3.0.

Fig. 10. Cathode over-potential distribution along x-directional
transverse distance at y=3.556 cm (1/2 L) when Wcell=0.6 V,
Pa=3 atm, Pc=5 atm, Tcell=353 K, ζa=2.8, ζc=3.0.

Fig. 11. Comparison of simulated and measured polarization curve
@ Pa=3 atm, Pc=5 atm, Tcell=323 K & 353 K, ζa=2.8, ζc=3.0.
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L : hydraulic permeability [m2]
M : molecular weight (or equivalent weight) [kg/kgmol]
nd : electro-osmotic drag coefficient
P : pressure [Pa]
PEM : proton exchange membrane
T : temperature [K]
u : velocity vector
Voc : open-circuit voltage
X : mole fraction

Greek Letters
α : transfer coefficient
ε : fluid porosity (or volume fraction)
λ : water content [mol H2O/mol SO3

−]
ρ : density [kg/m3]
µ : viscosity [kg/m·s]
ω : mass fraction
κe : proton conductivity [S/m]
Φ : phase potential [V]
ζ : stoichiometry

Subscripts
a : anode
c : cathode
ch : channel
cat : catalyst phase
e : electrolyte phase
g : gas phase
in : inlet
l : liquid phase
m : membrane phase
MEA: membrane electrode assembly
ref : reference value
s : solid phase

Superscripts
a : anode
c : cathode
eff : effective value
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