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In this work, a numerical model of a proton exchange membrane (PEM) fuel cell is presented. The volume
of fluid (VOF) method is employed to simulate the air-water two-phase flow in the cathode gas channel,
at the same time that the cell electrochemical performance is predicted. The model is validated against an
experimental polarization curve and through the visualization of water distribution inside a transparent
fuel cell. The water dynamics inside a serpentine gas channel is numerically analyzed under different
operating voltages. Moreover, water content in different regions of the channel is quantified. Current den-
sity and water generation rate spatial distributions are also displayed and it is shown how they affect the
process of water emergence into the gas channel. Important issues on the simulation of the PEM fuel cells
two-phase flow are addressed, especially concerning the coupling of the VOF technique with electro-
chemical reactions. Both the model and the numerical results aim to contribute to a better understanding
of the two-phase flow phenomenon that occurs in these devices.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In a proton exchange membrane (PEM) fuel cell, hydrogen and
oxygen are electrochemically combined to generate electrical
energy. High efficiency and power density, rapid and cold start-
up, as well as low to zero emissions are characteristics that render
these devices a viable power generation technology for the future.
PEM fuel cells are specially promising as a sustainable alternative
to the internal combustion motors for transportation.

Water management is one of the technical issues that impedes
the widespread commercialization of PEM fuel cells. Although the
membrane needs to be properly hydrated to guarantee high pro-
ton conductivity, the low temperature of a PEM fuel cell makes
the appearance of liquid water inevitable. Water flooding can
thus occur creating a gas-liquid two-phase flow that increases
mass transport resistance and lowers the cell performance.
Flooding also affects the cell durability. It accelerates platinum
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Nomenclature

a water activity
A area (cm2)
C molar concentration (mol m�3)
Cref reference molar concentration (mol m�3)
D effective diffusion coefficient (m2 s�1)
D0 binary diffusion coefficient (m2 s�1)
Dcap capillary diffusion coefficient (kg m�3 s�1)
f volume fraction
F Faraday’s constant (C mol�1)
F
!

momentum source term (N m�3)
g gravitational acceleration (N m�3)
I current density (A cm�2)
Iref reference current density (A cm�2)
Iref0 reference exchange current density (A cm�2)
J Leverett J-function
K permeability (m2)
M molecular weight (kg mol�1)
n total number of computational cells (Eq. (35)); surface

normal (Eqs. (9), (10) and (26))
nsat
drag electro-osmotic drag coefficient in a fully hydrated

membrane
n̂ unit normal
N molar flux (mol m�2Þ
OCV open circuit voltage (V)
P pressure (PaÞ
Pcap capillary pressure (PaÞ
Psat saturation pressure (PaÞ
Q volumetric gas flow rate (m3 s�1)
R ideal gas constant (J mol�1 K�1)
r resistance (X m2)
RH relative humidity
s liquid water saturation
t time (s)
t̂ surface tangent
T temperature (�C)
v velocity (m s�1)
V operating voltage (V)
w water
x Cartesian coordinate (direction of the 1D domain)
X multiplicative factor for liquid water velocity

Y mass fraction
Y� mass fraction at the cell adjacent to a wall

Greek symbols
a membrane water transport coefficient
ac cathode transfer coefficient
d thickness (m)
e porosity
g overpotential (V)
h contact angle (�)
j curvature of the interface (m�1Þ
k reactant stoichiometry (Eq. (19)); membrane water con-

tent (Eqs. (42)–(45))
l dynamic viscosity (Pa s)
q density (kg m�3)
r proton conductivity (S m�1)
s surface tension ðN mÞ

Superscripts
CL catalyst layer
GC gas channel
GDL gas diffusion layer
m exponent for effective porosity
n exponent for effective saturation
PEM proton exchange membrane
ref reference value
sat saturation value

Subscripts
a anode
c cathode
cap capillary
i specie (Eqs. (13), (14), (26)); counter for the number of

computational cells (Eq. (35))
PEM proton exchange membrane
sat saturation value
w liquid water
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dissolution-precipitation and carbon support corrosion that
degrades the catalyst layers (CLs) [1]. Moreover, it also
speeds-up the corrosion of the gas diffusion layers (GDLs) and
the membrane, which in turn raises the ohmic losses [1]. Another
negative effect of flooding is the increase of pressure drop that
can reduce the overall system efficiency.

In the last two decades, experimental studies related with the
two-phase flow in PEM fuel cells were published with several tech-
niques being employed, including optical visualization [2–9], mag-
netic resonance imaging [10,11], neutron imaging [12–15] and
X-ray radiography [16–18]. Experimental tests have been extre-
mely valuable, giving important information on the main two-
phase flow patterns and their relation with cell performance for
different operating conditions and material properties. However,
visualization techniques often require materials and/or cell designs
that are significantly different from those applied in industrial PEM
fuel cells, which makes current experimental work not able of pre-
cisely reproduce the actual behavior of an operating cell. Moreover,
it is challenging to extract relevant quantitative results from such
experiments. This leads investigators to perform mathematical
modeling and simulation in order to obtain more quantitative
insights into the two-phase flow and its consequences. In this
respect, the volume of fluid (VOF) method has become popular
owing to its ability to consider surface tension and wall adhesion
effects and the capacity to track the interface between fluids.

The present authors published a review [19] related with simu-
lations of the two-phase flow in PEM fuel cells where VOF model
was employed, discussing the focus and numerical details of each
study as well as the main outcomes. One of the issues of using
the VOF method was found to couple this model with the electro-
chemical reactions taking place in a PEM fuel cell, because of the
different length and time scales between the different phenomena.
In a recent review on multiphase flow modeling [20], the great dis-
crepancies in the time and length scales of the physical processes
occurring in a PEM fuel cell are also emphasized, and simulation
and modeling methods (and the corresponding computational
cost) that can be applied at given scale are presented. Due to such
difficulties, the great majority of the numerical studies on the two-
phase flow in PEM fuel cells employing the VOF method has
focused on water flow mainly from a fluid dynamics perspective,
analyzing its emergence, accumulation and movement, and how
it is affected by operating conditions, material properties and cell
design. There are, however, a few attempts considering electro-
chemical reactions along with VOF method, including the works



Fig. 1. Schematic representation of the computational domain employed in the
present model.
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from Le and Zhou [21–24], Chen et al. [25] and Ding et al. [26–28].
Le and Zhou [21] presented a very complete model of a PEM fuel
cell. This three-dimensional (3D) model is unsteady and multi-
phase considering the VOF technique. It couples energy, momen-
tum and species transport with charges transport for all the main
components of a PEM fuel cell: membrane; CLs; GDLs; gas chan-
nels (GCs); and current collectors (CCs). The model was employed
to study the effects of liquid water on the velocity field, pressure,
reactants and temperature distributions as well as on current den-
sity for cells with single-serpentine [21], multi-serpentine [23] and
interdigitated flow fields [22]. It was also employed to a three-cell
PEM fuel cell stack [24]. Despite the complexity and the important
outcomes provided by this model, one important disadvantage is
that calculations were performed by manually placing water dro-
plets on the cathode GCs, instead of water being continuously
emerging from the GDL surface, as verified in a real fuel cell. In
the work conducted by Chen et al. [25], water was already consid-
ered being emerging from the GDL surface. The authors used oxy-
gen mass fraction at the bottom of the GDL to estimate the current
density thought Tafel equation. Liquid water behavior in a straight
GC was visualized, and its effects on mass transport and current
density distribution were analyzed under different air inlet veloc-
ities and GC walls wettability. Ding et al. [26] considered a 3D
domain for a straight cathode GC, and simplified the rest of the
domain to 1D. Cathode overpotential was also obtained through
Tafel expression. In addition, ohmic losses were also considered
when predicting the cell performance. The model was used to
investigate the effects of two-phase flow patterns on the PEM fuel
cell performance for different gas flow rates and GDL surface wet-
tabilities. The studies published by Chen et al. [25] and Ding et al.
[26] provide some new insights on how to consider electrochemi-
cal reactions when applying the VOF technique, without the need
for the complexity present in models such as that developed by
Le and Zhou [21], which often limits their practicability due to
the large computational times involved. However, some issues
can still be addressed in order to obtain a more comprehensive
model with a larger range of applicability. In relation to Chen
et al. [25], the velocity of liquid water entering into the GCs is
set manually to an arbitrary value, instead of being calculated as
function of the current density produced. Moreover, water balance
in the membrane is not considered. Ding et al. [26] added the fea-
ture of water velocity in each pore being related with water gener-
ation rate nearby. However, although ohmic losses are considered
to better predict the current density, the membrane is considered
fully humidified. In both studies, the model applicability is limited
in the sense that they cannot predict the influence of strategies
dealing with two-phase flow issues that might have negative
effects on the hydration state of the membrane (e.g. increasing
the gas flow rate or the cell temperature). Another aspect that is
missing in the studies where electrochemical reactions are consid-
ered along with the VOF methodology is the validation of the cell
performance predicted by the models against experimental polar-
ization curves.

The objective of this work is to move one step forward on PEM
fuel cell modeling and simulation, more specifically on coupling
the VOF method to simulate the two-phase flow with the electro-
chemical reactions taking place in the cell, addressing some of the
limitations related with the above mentioned studies. A numerical
model is presented that simulates the air-water flow in the cath-
ode, together with the current being produced in the CLs and also
the water balance in the membrane. Moreover, a hybrid 1D + 3D
computational domain is implemented that allows to capture the
relevant physical details of a complete fuel cell with reasonable
simulation times. The model is first described in detail, then its
predictions are quantitatively validated against an experimental
I-V curve (polarization curve) and qualitatively by visualizing liq-
uid water distribution inside a transparent PEM fuel cell. Finally,
results from the model simulations are shown and discussed, with
the aim of gathering a better understanding on the PEM fuel cells
two-phase flow and its implications.
2. Model

2.1. Computational domain

In a PEM fuel cell, the most important performance losses are
mainly related with the cathode operation. One reason is the
slower kinetics of the oxygen reduction reaction (ORR) in the cath-
ode in comparison with that of the hydrogen oxidation reaction
(HOR) occurring in the anode. The cathode is also the electrode
where water is generated and, therefore, where flooding is gener-
ally more significant. Moreover, the flow rate, viscosity and density
of air in the cathode are considerably higher than those of hydro-
gen in the anode, which also makes this electrode the most influ-
ential for the hydration state of the membrane. For these
reasons, the model here proposed considers a 3D computational
domain for the cathode GDL and GCs, being the cathode CL, the
membrane and the anode side simplified to a 1D computational
domain, as schematized in Fig. 1. This computational domain,
inspired in previous works [26,29], allows to considerably decrease
the grid requirements and to achieve acceptable computational
times, without missing relevant physical details that influence
the performance of a PEM fuel cell.
2.2. Strategy for simulating liquid water dynamics in the cathode

As mentioned in the Introduction, experimental and numerical
research has provided important information on the two-phase
flow in PEM fuel cells. Collecting information from such studies,
water dynamics inside the cathode can be briefly described as fol-
lows: liquid water, mostly formed in the CL, moves through the
GDL by capillary transport; it then emerges into the GCs in prefer-
ential sites of the GDL surface (generally those with cross-sections
featuring the greatest spacing and thus with less capillary pressure
resistance [30]) and forms water droplets; these droplets grow
until they eventually detach from the GDL; after detachment, they
can move downstream as single-droplets or they can coalesce with
other droplets forming films and/or slugs. With constant water
production rate (i.e., constant current operation), this process tends
to repeat itself. A scheme provided in Fig. 2 illustrates liquid water
transport processes in the cathode side as well as its cyclic nature.
It should also be noted that, due to local temperature and water



Fig. 2. Scheme of water dynamics in the cathode of a PEM fuel cell, and indication
of the domains where the VOF method and saturation model are employed for
simulating liquid water transport.
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vapor concentration variations, liquid water may also be added
into the cell by condensation, or removed by evaporation.

The numerical simulation of all these processes is a significant
challenge. Early two-phase flow modeling approaches, the
multiphase-mixture [31–34] and multi-fluid model [35–37], use
a saturation model, where liquid water transport is assumed to
be driven by capillary pressure, described by Darcy’s law. This
technique allows to reasonably describe the liquid flow inside
the highly-resistant porous media, when appropriate effective
transport properties are considered. However, in the above men-
tioned models, liquid water velocity in the GCs is assumed to be
equivalent to the gas velocity (i.e., a fine mist), making them inca-
pable of identifying the presence of liquid droplets, films or slugs
that accumulate in GCs. In order to adequately describe liquid
water flow in the GCs, interface tracking algorithms, particularly
the VOF method, have been employed. Theoretically, the VOF tech-
nique can also be applied to the scales of the porous media of PEM
fuel cells. However, the GDLs complex microstructure should be
included in the domain, making the resulting mesh untreatable
with the current computational capacity. Another option is to use
the homogeneous porous media formulation to consider liquid
water transport in the GDL. However, this would result in an uni-
form liquid water transport through the porous media and an
emergence in the GCs without the formation of droplets [38]. As
explained above, this differs to that observed in a real PEM fuel cell.

In an attempt to adequately describe liquid water transport in
the cathode of a PEM fuel cell, the present model considers two dif-
ferent two-phase flow approaches. In the GDL, liquid water trans-
port is simulated with the multi-fluid saturation model. This
approach allows to obtain the distribution of water in the GDL as
liquid water saturation, and to compute its effects on the cell per-
formance. In the GCs, several pores are designed at the GDL surface
to represent the preferential pathways for liquid water emergence,
and the VOF interface tracking technique is used to capture the
dynamics of liquid water. Water velocity in each pore is obtained
based on the water generation rate nearby. This approach, combin-
ing advantages of these two modeling techniques, allows to simu-
late the main two-phase flow processes in the cathode in practical
manner and to achieve a wide range of applicability. In the illustra-
tion of Fig. 2 is also indicated the domain where each two-phase
flow model is applied.

2.3. General assumptions

The present model relies on the following main assumptions:

� Gases are considered as ideal;
� Flow is consider laminar and under isothermal conditions;
� All materials are assumed to be isotropic;
� Gravity effect is neglected.

Other more specific assumptions and simplifications are consid-
ered for decreasing mathematical efforts and achieving more
numerical stability. For better comprehension, such simplifications
are presented below along with the model mathematical
description.

2.4. Mathematical formulation

2.4.1. 3D domain
2.4.1.1. VOF method for tracking the interface. The VOF technique
models unmixable fluids by solving a unique group of momentum
equations and tracks the volume fraction of each fluid, as well as
their interface, all over the domain. In each control volume, the
sum of the volume fraction of all phases is equal to one. In the case
of the present work, the volume fractions of air (f air) and liquid
water (f w) are related by:

f air þ f w ¼ 1 ð1Þ
Tracking the interface is achieved by solving the equation below

in each computational cell:

@f w
@t

þr � ðf wv
!

wÞ ¼ 0 ð2Þ

where v
!
is the velocity. The governing equations are the continuity

and momentum equations that have the following form:

@q
@t

þr � ðqv!Þ ¼ 0 ð3Þ

@

@t
ðqv!Þ þr � ðqv! v

!Þ ¼ �rP þr � ½lðrv
!þrv!TÞ� þ F

!
ð4Þ

where P corresponds to the operating pressure, and q and l are the
volume-averaged density and dynamic viscosity, respectively, cal-
culated by:

q ¼ f airqair þ f wqw ð5Þ

l ¼ f airlair þ f wlw ð6Þ

In the GCs, F
!
is the force related with surface tension, adopting

the continuum surface force (CSF) model introduced by Brackbill
et al. [39]:

F
!
¼ sqjwrf w

ðqairþqwÞ
2

ð7Þ

where s refers to surface tension coefficient, and jw is the curvature
defined in terms of divergence of unit normal, n̂:

jw ¼ r � n̂ ð8Þ
where

n̂ ¼ n
jnj ð9Þ
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and n corresponds to the surface normal, defined as the gradient of
f w:

n ¼ rf w ð10Þ
For the porous GDL, the Darcy drag force term is added into the

momentum source term, thus F
!
is obtained by:

F
!
¼ sqkwrf w

ðqairþqwÞ
2

� l
K
v
! ð11Þ

where K represents the intrinsic GDL permeability. An important
procedure applied in the present model should be mentioned here.
In PEM fuel cells, liquid water enters the GCs in the form of droplets
which diameter grows to values considerably larger than that of the
GDL pores. Therefore, the GDL acts as a wall when liquid water from
the GCs touches its surface. Due to its roughness, and because the
GDLs are usually treated with Polytetrafluoroethylene (PTFE) in
order to facilitate water removal, such surface has a hydrophobic
nature. For this reason, most VOF numerical studies focusing on
the two-phase flow in the GCs specify the GDL surface as a
hydrophobic wall. However, in this work, setting the cathode
GDL/GCs interface as a hydrophobic wall would inhibit the air flow
through the GDL. This issue is overcome by specifying a lower value
of K for the liquid phase. For air, K is set to 10�12 m2, a typical value
for GDL materials used in PEM fuel cells [40–43]. For liquid water, a
value of 10�15 m2 is used. This prevents water accumulation in the
GDL, allowing to simulate the hydrophobic nature of its surface.
Preliminary simulations were conducted in which the results
obtained employing the present approach were compared with
those where the GDL surface was set as an actual hydrophobic wall,
and good agreement was achieved. It should be noted that, in the
GDL, where liquid water transport is accounted by the multi-fluid
saturation model, the appropriate value for liquid water permeabil-
ity is employed, as it is shown in Table 3.

Wall adhesion is considered by using the contact angle that the
fluid makes with the wall to adapt the surface normal in the cells
near the wall. Considering h as the contact angle at the wall, the
surface normal (n̂Þ at the cell close to the wall can be given by:

n̂ ¼ n̂wall cos hþ t̂wall sin h ð12Þ
where n̂wall and t̂wall correspond to the unit vectors normal and tan-
gential to the wall, respectively.

2.4.1.2. Species transport. Since the gas-phase, air, is composed of
several species, the conservation equation for each specie needs
to be solved. It is given by:

@

@t
ðeqairYiÞ þ r � ðqairYi v

!Þ ¼ �r � ðqairDirYiÞ ð13Þ

where e stands for porosity, and Yi and Di are the mass fraction and
the effective diffusivity of specie i (O2, H2O or N2), respectively. Di is
calculated by:

Di ¼ D0
i e

mð1� sÞn ð14Þ
where s is the liquid water saturation. D0

i is the binary diffusion
coefficient obtained using Fuller, Schettler and Giddings correlation
[44]. In Eq. (14), Bruggeman correlation with exponents m and n
equal to 1.5 has been largely applied [45–47]. However, it has been
indicated that employing such values considerably overestimates Di

[46,47]. Here, m and n are both set equal to 3.5, taking into account
recent measurements of the effective oxygen diffusivity in GDL
materials commonly applied in PEM fuel cells [46].

Within the gas-phase and inside the GDL, the conservation
equation for liquid water saturation (multi-fluid saturation model)
is also solved, and it has the following form:
@

@t
ðeqwsÞ þ r � ½Dcaprs� ¼ 0 ð15Þ

where Dcap corresponds to the capillary diffusion coefficient, given
by:

Dcap ¼ qw
Ks3

lw

dPcap

ds
ð16Þ

and Pcap is the capillary pressure, related with s by the Leverett
J-function, defined as:

PcapðsÞ ¼ s cosðhGDLÞ
ðK=eÞ1=2

JðsÞ ð17Þ

with JðsÞ described by:

JðsÞ ¼ 1:417ð1� sÞ � 2:120ð1� sÞ2 þ 1:263ð1� sÞ3; for h < 90�

1:417s� 2:120s2 þ 1:263s3; for h > 90�

(

ð18Þ
Leverett J-function was derived based on experimental data of

homogeneous soil or a sand bed with constant wettability
[48,49]. However, in the GDLs of PEM fuel cells, the size of the
pores is not uniform, and their wettability is affected by both the
hydrophilic carbon substrate and the hydrophobic agent. It has
thus been reported that the Leverett J-function is not accurate
enough to describe precisely liquid water saturation in the GDLs
[50–52]. Although in several studies [43,53–56] experimental
PcapðsÞ data for various GDL usually applied in PEM fuel cells have
been obtained, there is no universal correlation similar to Leverett
J-function for all GDL materials. Therefore, Leverett J-function is
still applied in the present model, as it has been shown that it is
capable of effectively describe qualitatively the effects of water
flooding in the PEM fuel cell operation [50].

2.4.1.3. Boundary conditions. At the cathode air inlet, the velocity, v ,
and species mass fractions are specified as:

v ¼ kair
0:21

Iref Aactive

4F
RT
P

1
AGCcinlet

ð19Þ

YH2O ¼ RHairPsat

P
ð20Þ

YO2 ¼ 0:21ð1� YH2OÞ ð21Þ

YN2 ¼ 0:79ð1� YH2OÞ ð22Þ
where kair stands for the air stoichiometry, Aactive is the cell active
area, AGCcinlet is the cross-section area of the cathode GC inlet, and
RHair corresponds to the relative humidity (RH) of air. In the present

model, v is calculated for a fixed reference current density, Iref , of
1.0 A cm�2. Moreover, it is also specified that no liquid water enters
in the cathode GC inlet by:

f w ¼ 0 ð23Þ

s ¼ 0 ð24Þ
At the cathode GC outlet, pressure outlet boundary condition is

used and gauge pressure is set.
At the solid walls, non-slip and zero diffusive flux for velocity

and species boundary conditions, respectively, are prescribed:

v ¼ 0 ð25Þ

@Yi

@n
¼ 0 ð26Þ
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The only exception is the GDL bottom wall, where oxygen and
water vapor mass fractions and liquid water saturation are speci-
fied, given by:

YO2 ¼ Y�
O2

þMO2NO2Dx
DO2qair

ð27Þ

YH2O ¼ Y�
H2O

þMH2ONH2OðvÞDx
DH2Oqair

ð28Þ

s ¼ s� þMH2ONH2OðlÞDx
Dcap

ð29Þ

where Y� and s� refer to the corresponding values in the cells adja-
cent to the wall, and Dx is the distance between those cells center
and the corresponding face at the wall. M corresponds to molecular
weight. NO2 is the oxygen molar flux, given by:

NO2 ¼ � I
4F

ð30Þ

where I is the current density and F is the Faraday’s constant. The
values of water vapor molar flux, NH2OðvÞ, and liquid water molar
flux, NH2OðlÞ, are obtained first considering the total water molar
flux, NH2O, given by:

NH2O ¼ ð1þ aÞ I
2F

ð31Þ

where a corresponds to the membrane water transport coefficient,
and comparing it with the corresponding value that would saturate
the gas-phase with water vapor, Nsat

H2O
:

Nsat
H2O

¼
YSat

H2O
� Y�

H2O

� �
DH2Oqair

MH2ODx
ð32Þ

where YSat
H2O

is the saturation mass fraction obtained based of satu-
ration pressure. NH2OðvÞ and NH2OðlÞ are then calculated by:

NH2OðvÞ ¼ NH2O

NH2OðlÞ ¼ 0

�
if NH2O 6 Nsat

H2O
ð33Þ

NH2OðvÞ ¼ Nsat
H2O

NH2OðlÞ ¼ NH2O � Nsat
H2O

)
if NH2O > Nsat

H2O
ð34Þ

Such computation considers that, after being produced in the
CL, water first saturates the gas-phase, and the remaining amount
condenses instantaneously into liquid water. This approximation
eliminates the need to add source terms for water condensation/
evaporation in the GDL, simplifying the model and increasing its
numerical stability. Preliminary simulations were conducted using
such source terms and the results obtained were close to those of
the present approach. It is in the GDL bottom wall boundary con-
dition that the 1D domain is incorporated into the 3D domain, pro-
viding the values of I and a needed in Eqs. (30) and (31). How such
values are computed in the 1D domain is explained further ahead
along this section.

At the pores placed in the bottom wall of the GCs (the GDL sur-
face), corresponding to the liquid water inlets, the velocity in each
pore is obtained by considering the liquid water produced in the
area closest to it. First, the GDL is divided into the same number
of areas as the number of pores, then the velocity of water in each
pore is calculated by:

v ¼
MH2O

qw

Pi¼n
i¼1NH2OðlÞi Ai

Apore
X ð35Þ

where i is the cell number and n is the total number of computa-
tional cells in the area closest to the pore. Ai corresponds to the area
of the computational cell i, Apore to the cross-section area of the pore
and X is a multiplicative factor for liquid water velocity. Since water
generation rate is very slow under the typical working conditions of
a PEM fuel cell, theoretical values need to be amplified a few orders
of magnitude to shorten the time for water accumulation in the
GCs. Such modification does not alter significantly the nature of
the flow due to the large flow ratio between air and liquid water,
and is a current practice in PEM fuel cell numerical simulation when
applying the VOF method [38,57,58]. In the present study, X is set to
400, a value within the range applied in the mentioned studies. In
this boundary condition, it is also specified that only liquid water
enters through the pores by setting:

f w ¼ 1 ð36Þ
2.4.2. 1D domain
As mentioned above, it is in the 1D domain that the current

density, I, being produced by the cell at a specified voltage is com-
puted. Tafel equation is employed for this purpose, described by:

I ¼ ð1� sÞIref0

CCLc
O2

Cref
O2

e
acgcF
RTð Þ ð37Þ

where Iref0 and Cref
O2

correspond to the reference values of exchange

current density and oxygen molar concentration, respectively. CCLc
O2

is the oxygen molar concentration in the middle of cathode CL, ac

is the cathode transfer coefficient, R is the ideal gases constant
and T is the cell operating temperature. gc corresponds to the cath-
ode overpotential and is calculated by:

gc ¼ OCV � V � Irohm ð38Þ

where OCV refers to the open circuit voltage, V to the cell operating
voltage and rohm to the ohmic resistance.

In Eq. (37), s is directly provided by the 3D domain (s�). Here,
the transport of liquid water in the CL water is neglected, as it
would increase considerably the mathematical complexity. Since
the CL is very thin, this would not significantly affect the model
predictions. CCLc

O2
can be obtained taking the oxygen molar concen-

tration in the cathode GDL/CL interface, CGDLc=CLc
O2

, and subtract the
oxygen transfer resistance (based on Fick’s law) in the CL:

CCLc
O2

¼ CGDLc=CLc
O2

� I
4F

dCLc=2
DCLc

O2

ð39Þ

where dCLc refers to the cathode CL thickness. CGDLc=CLc
O2

is obtained
by:

CGDLc=CLc
O2

¼ YGDLc=CLc
O2

qair

MO2

ð40Þ

where YGDLc=CLc
O2

corresponds to the value of Y�
O2
, provided by the 3D

domain.
Electrical bulk resistance is generally negligible. In well-

designed fuel cells, electrical contact resistances are also minimal.
Proton resistance in the CL is also usually much smaller than that
in the membrane. Therefore, rohm in Eq. (38) is here approximated
by the proton resistance in the membrane. This resistance is
obtained by integrating the inverse of membrane proton conduc-
tivity, rPEM , over its thickness, dPEM . For simplicity, in present work
rohm is approximated by:

rohm ¼ dPEM

rPEM
ð41Þ

being rPEM given by [59]:
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rPEM ¼ 10�2ð0:005139k� 0:00326Þe½1268ð 1
303� 1

273þTÞ� ð42Þ
where k corresponds to the water content in the membrane. k used
in Eq. (42) is computed as the average between the anode and cath-
ode values.

In order to obtain k, one needs to account for the water balance
in the membrane. In this study, the water molar flux in the mem-
brane, NPEM

H2O
, is computed by considering electro-osmotic drag and

back diffusion [59]:

NPEM
H2O

¼ a
I
2F

¼ 2nsat
drag

I
2F

k
22

� qPEM

MPEM
DPEM

dk
dx

ð43Þ

where nsat
drag corresponds to the electro-osmotic drag coefficient in a

fully hydrated membrane, qPEM to the dry membrane density, MPEM

to the membrane molecular weight, and x to direction of water
transport in the membrane. DPEM is the water diffusion coefficient
in the membrane, obtained by [59]:

DPEM ¼ 10�10ð2:563� 0:33kþ 0:0264k

� 0:000671k2Þe½2416ð 1
303� 1

273þTÞ� ð44Þ
k is computed by:

k ¼ 14a; anode

12:6þ 1:4a; cathode

�
ð45Þ

where a corresponds to the water activity given by:

a ¼ CCL=PEM
H2O

RT

Psat
ð46Þ

and Psat is the saturation pressure, obtained by (adapted from [59]):

Psat ¼ 100000� 10�2:1794þ0:02953T�9:1387�10�5T2þ1:4454�10�7T3 ; T in �C

ð47Þ
Both expressions for k in Eq. (45) are based in measurements

conducted by Springer et al. [59]. However, in order to simplify
the calculations, the anode expression used in this work is a linear
approximation [60] of the original correlation. Eq. (45) also implies
that a is between 0 and 1 in the anode, and between 1 and 3 in the
cathode, which is often the case in PEM fuel cells operation.

The water vapor molar concentrations in both sides of the
membrane, needed to obtain the corresponding values of a, are cal-
culated by:

CCLa=PEM
H2OðvÞ ¼ C

AGCaninlet
H2OðvÞ � a

I
2F

dGDLa

DGDLa
H2O

þ dGDLa

DGDLa
H2O

þ AGCa=GDLa

QH2

 !
ð48Þ

CCLc=PEM
H2OðvÞ ¼ CGDLc=CLc

H2OðvÞ þ ð1þ aÞ I
2F

dCLc

DCLc
H2O

ð49Þ

where C
AGCainlet
H2OðvÞ refers to the water vapor molar concentration in

anode GCs inlet, AGCa=GDLa to the total area of the anode GCs facing
the GDL, and QH2

to the anode volumetric gas flow rate. Eq. (48)
considers the mass transfer resistance of water vapor in the porous
CL and GDL, and the anode GCs are considered as a continuously
stirred tank reactor (CSTR). Eq. (49) is analogue to Eq. (39) and

CGDLc=CLc
H2OðvÞ is obtained using YGDLc=CLc

H2O
(corresponding to Y�

H2O
) provided

by the 3D domain.

2.5. Numerical implementation

The present model is implemented in the computational fluid
dynamics (CFD) commercial code ANSYS Fluent, version 15.0. The
1D domain is incorporated into the 3D domain through User
Defined Functions (UDFs) written in C programming language. At
each iteration, Y�
O2
, Y�

H2O
, and s� in every computational cell adja-

cent to the GDL bottom wall are provided by the 3D computation.
These values, together with the anode operating conditions and
kinetic and cell design parameters, are used in the 1D domain to
calculate I and a. These values are then used to adjust the GDL bot-
tom wall species boundary condition in the 3D domain.

In the 1D domain calculations, DPEM is considered constant
when integrating Eq. (43), so an analytical solution can be
obtained. Such simplification lies in the fact that DPEM does not vary
considerably in the range of 4 < k < 20, and in PEM fuel cells oper-
ation k is usually between those values. After substituting Eqs.
(44)–(49) in Eq. (43) (after integration), and performing some alge-
braic manipulations, a can be explicitly obtained as function of I.
The a expression is then inserted into Eqs. (48) and (49) and, using
Eqs. (45)–(47), rPEM (Eq. (42)) can also be obtained as function of I.
Placing the expression of rPEM in Eq. (41) and then Eqs. (38)–(41) in
Eq. (37) results into an analytic equation having I as the unique
unknown. This equation is then numerically solved using the New-
ton–Raphson method. After convergence, the calculated values of I
and a are used in Eqs. (30) and (31) to obtain the new values of YO2 ,
YH2O, and s to be returned to the 3D domain.

Regarding the 3D domain solution methods, pressure-based
segregated solver is adopted for the incompressible flow, and the
explicit VOF formulation is applied to track the interface between
fluids. The gaseous species equations in the gas-phase are solved
using the built-in species transport model. For liquid water satura-
tion, the conservation equation for a User Defined Scalar (UDS)
within the gas-phase is solved, being the flux and unsteady func-
tions as well as the diffusion term defined through UDFs. SIMPLE
scheme is used for pressure-velocity coupling. Least squares cell
based method is adopted for gradient spatial discretization,
whereas PRESTO! scheme is employed for pressure discretization.
Momentum discretization is achieved through the second order
upwind methodology. The geometric reconstruction scheme is
used to represent the interface between fluids using the
piecewise-linear interface calculation (PLIC) from the work of
Youngs [61]. First order upwind scheme is employed for spatial
discretization of gaseous species and liquid water saturation equa-
tions. The varying time-step method is used applying a maximum
global courant number of 2.
2.6. Calculation procedure

The first step of the calculation procedure is to obtain a steady-
state solution. In this initial stage, the VOF method is not activated
(by setting the liquid water velocity in each pore equal to 0). The
results of this solution comprise species (including water satura-
tion in the GDL), current density, pressure and velocity distribu-
tions. The results of this steady-state solution are then used as
the initial values for the two-phase flow transient calculation.
Because in the beginning of the transient calculation, the liquid
water generation (NH2OðlÞ) is already available in all the domain,
the water velocity can be obtained for all the pores designed at
the GDL surface (Eq. (35)). Such procedure decreases considerably
the overall simulation time. It is also in accordance with the real
operation of a PEM fuel cell, because the distribution of gaseous
species along the cell occurs much more rapidly than the liquid
water distribution.
2.7. Computational geometry and mesh

The mesh used in the simulations consists on an unstructured
mesh with 1,259,416 tetrahedral elements with minimum and
maximum size of 7.0 � 10�5 m and 2.5 � 10�4 m, respectively, for
a 25 cm2 PEM fuel cell with a single-serpentine flow field. ANSYS



Table 1
Features of the meshes employed to investigate the effect of the mesh size.

Mesh Min. size (m) Max. size (m) Elements number (type) Nodes number

1 7.0 � 10�5 2.5 � 10�4 36,237 (tetrahedral) 7582
2 5.0 � 10�5 2.0 � 10�4 101,652 (tetrahedral) 20,170
3 2.0 � 10�5 7.0 � 10�5 355,374 (tetrahedral) 68,543
4 4.0 � 10�5 342,941 (hexahedral) 1,452,514

Fig. 3. Water distribution (at about 30 ms) in a U-shaped channel with different meshes.

Table 2
Time-averaged (from 0 to 30 ms) volume-weighted water content (percentage of the
channel volume that is occupied by water) in a U-shaped channel with different
meshes.

Mesh Volume-weighted water content in the U-shaped channel

1 3.67%
2 4.64%
3 5.05%
4 4.99%
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Meshing was used for mesh generation. The mesh size was
selected after performing a mesh size test. A small computational
domain considering a 14.2 mm long U-shaped channel having
two pores at the GDL surface was used in such analysis in order
to employ more refined meshes. Apart from meshes having tetra-
hedral elements, a very refined mesh with hexahedral elements
was also tested. Table 1 shows the main features of the meshes
considered. Fig. 3 depicts the water distribution in the U-channel
and Table 2 displays the volume-weighted water content. It can
be seen that the results of Mesh 3 are in good agreement with
those from Mesh 4, both qualitatively (Fig. 3) and quantitatively
(Table 2). Mesh 1 and Mesh 2 present more significant differences
(especially Mesh 1) regarding the amount of water in the channel
(Table 2). However, when analyzing water distribution in the chan-
nel (Fig. 3), the results are reasonable. It can be seen that both coar-
ser meshes can capture the general two-phase flow pattern, which
is water accumulation and movement along the upper corners of
the channel. Moreover, the shape of the water droplets emerging
from the GDL surface is very similar for all meshes tested. In this
study, a computational domain for a 25 cm2 fuel cell had to be
employed because the experimental results used to validate the
model were obtained testing cells with such size (see Section 3).
Implementing such a large computational domain considerably
limits the mesh density that can be applied. For this reason, Mesh
1 was used in the simulations conducted in this work. Even apply-
ing this coarse mesh, the simulation time for a single case (i.e., a
single voltage) exceeded two months, in a computer having a Intel
Core i7-2600 K @ 3.40 GHz CPU (all 8 processes used) and 8 GB
RAM.
For water emergence into the GCs, two pores with a diameter of
200 lm are designed at the GDL surface of each channel, equally
distant from the side walls. Such profile of water transport from
the GDL to the GCs is just a simplification of that occurring in a real
PEM fuel cell. The preferential pathways for water transport
through the GDL are not fixed and may change over time [62],
and the number of pathways may also change according with the
operating conditions (e.g., water would emergence into the GCs
from more places (pores) when the current density is higher,
because more water is being produced in such condition). Never-
theless, together with the procedure for calculating water velocity
in each pore (see Section 2.4.1.3), it gives a reasonably account of
the process of water emergence into the GCs. The diameter
employed for each pore was chosen in order to represent the lar-
gest pores found in the GDL, from which liquid water tends to
move. This is a value within the range employed in other VOF
numerical studies [26,63] and has the same order of magnitude
of the largest pores of GDLs, as reported in studies addressing
the structural features of such materials [64,65]. Fig. 4 displays
the geometry (Fig. 4A), indicating the air inlet and the pores
designed at the GDL (water inlets), and details of the mesh
(Fig. 4B) of the computational domain applied in this work.
3. Experimental

3.1. I-V curve and kinetic parameters determination

The PEM fuel cell test station described in a recent study [66]
from the present authors was used for the experimental tests.
The same cell hardware (active area of 25 cm2) as that employed
in Ref. [66] was also applied. A commercial membrane electrode
assembly (MEA) supplied by QuinTech e.K. was employed, contain-
ing 0.3 and 0.6 mg Pt cm�2 in the anode and cathode, respectively;
Freudenberg carbon paper as GDLs (reference H23 I2); and Nafion
212 as the electrolyte. The contact angle of the GDL and GCs walls
(machined into graphite surfaces) was measured to be 138.3 ± 9.1�
and 89.3 ± 0.9�, respectively (OCA 15 plus optical contact angle sys-
tem, DataPhysics Instruments). The values presented refer to the
average between measurements made at three different locations
on the respective surface followed by the standard deviation.



Fig. 4. Images of the computational (A) geometry and (B) mesh applied in the simulations of this work.

Fig. 5. Fuel cell performance obtained experimentally and calculated by the present model. A – Polarization curve; B – Power density curve.
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Fig. 6. Individual voltages losses obtained experimentally through EIS measurements and calculated by the present model. A – Cathode overpotential; B – Ohmic losses.

Table 3
Model input parameters.

Parameter Value

Active area, Aactive 25 � 10�4 m2

GCs width 1.4 � 10�3 m
GCs height 1.0 � 10�3 m

Anode CL thickness, dCLa 60 � 10�6 m (assumed)

Anode GDL thickness, dGDLa 250 � 10�6 ma

Anode CL porosity, eCLa 0.4 (assumed)

Anode GDL porosity, eGDLa 0.5 (assumed)

Cathode CL thickness, dCLc 60 � 10�6 m (assumed)

Cathode GDL thickness, dGDLc 250 � 10�6 ma

Cathode CL porosity, eCLc 0.4 (assumed)

Cathode GDL porosity, eGDLc 0.5 (assumed)
GDL permeability for air, Kair 10�12 m2 [40–43]
GDL permeability for liquid water, Kw (VOF

method)
10�15 m2 (assumed, see
Section 2.4.1.1)

GDL permeability for liquid water saturation,
Kw (saturation model)

2.55 � 10�13 m2 [68]

Channel walls contact angle, hGCs 50.3� (measured, see
Section 3.2)

GDL contact angle, hGDL 134.0� (measured, see
Section 3.2)

Electro-osmotic drag coefficient, nsat
drag 2.7 [59]

Membrane molecular weight, MPEM 1.1 kg mol�1

Membrane dry density, qPEM 1970 kg m�3 [69]

Membrane thickness, dPEM 50.8 � 10�6 m [69]

Cathode transfer coefficient, ac 0.343 (measured, see
Section 3.1)

Reference exchange current density, Iref0
0.011 A cm�2 (measured,
see Section 3.1)

Reference oxygen concentration, Cref
O2

7.641 mol m�3 (CO2 at the
cell inlet)

Open circuit voltage, OCV 0.933 V (measured, see
Section 3.1)

Temperature, T 40 �C
Absolute pressure, P 1 atm
Hydrogen stoichiometry, kH2 1.1
Air stoichiometry, kair 2.2
Relative humidity at the anode inlet, RHH2 50%
Relative humidity at the cathode inlet, RHair 90%

a Internal thickness at 0.025 MPa. Information provided by the MEAs supplier.
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Tests were conducted at 40 �C cell initial temperature (mea-
sured placing a thermocouple of type-K at the cathode outlet in
contact with the MEA) and atmospheric pressure (considered to
be 1 atm). In the anode, H2 stoichiometry of 1.1 (for 1.0 A cm�2)
and RH of 50% (referenced for the cell initial temperature) were
used. In the cathode, air stoichiometry was set to 2.2 and RH to
90%. Both gases were fed to the cell at 45 �C. Prior experiments,
the MEA was conditioned. First, the voltage was set to 0.6 V for
30 min. Then, cycles of 0.7 V and 0.5 V (20 min at each voltage)
were conducted, each one followed by a polarization curve. The
conditioning procedure was finished when no improvement in
the cell performance was observed.

I-V measurements were conducted in the potentiostatic mode,
starting at the OCV and decreasing the voltage until 0.30 V, waiting
3 min at each voltage. I-V curves were repeated until performance
stabilization was achieved, typically when the average difference
between subsequent curves was less than 10%. Electrochemical
impedance spectroscopy (EIS) was conducted right after polariza-

tion curves for determination of the kinetic parameters Iref0 and
ac . Spectra were obtained at 0.80 V, 0.75 V, 0.70 V, 0.60 V, 0.50 V
and 0.40 V by superimposing a 5 mV AC signal over a frequency
range from 0.1 mHz to 100 kHz. A stabilization time of 3 min was
also employed at each voltage. Impedance spectra were fitted to
an electric equivalent circuit by the complex non-linear regression
least squares fitting using the Thales Software from Zahner. The
electric analogue used to fit the EIS spectra is shown and described
in Ref. [66].

3.2. Visualization of liquid water inside a transparent PEM fuel cell

A ClearPak fuel cell from Pragma Industries, also with 25 cm2

active area, was employed to visualize liquid water behavior inside
the cathode GCs. Two 20.0 mm thick end-plates made of transpar-
ent polycarbonate allow the optical access to the GCs. A single-
serpentine flow field, also having GCs with 1.0 mm height and
1.4 mm width, is engraved in both polycarbonate plates. A metallic
mesh is employed between the GDLs and the end-plates to collect
the current produced. The MEA used, also provided by Pragma
Industries, has 0.3 and 0.6 mg Pt cm�2 in the anode and cathode,
respectively; carbon paper as GDLs; and Nafion XL as the elec-
trolyte. GDL and GCs (polycarbonate plates) surfaces contact angles
were measured obtaining values of 134.0 ± 3.5� and 50.3 ± 0.2�,
respectively. Before being assembled in the ClearPak, the MEA
was conditioned employing the non-transparent fuel cell hardware
and the procedure described above.

For the visualization experiments both gases were fed into the
cell at 40 �C with RH of 50% and 90% for H2 and air, respectively.
H2 and air stoichiometries were set to 1.1 and 2.2, respectively.
Current density was set to 0.1 A cm�2 for 5 min and pictures of
the cathode GCs were recorded each 2 s using a digital camera
(Canon EOS 30D). Before measurements, the cell was left at the
OCV for 20 min. The reason for operating the cell at low current
is related with limitations of the materials employed in the trans-
parent fuel cell. The polycarbonate endplates have very low ther-
mal conductivity, so the heat produced by the cell was hardly
removed. Therefore, the cell temperature tended to increase
rapidly when higher currents were applied, evaporating all liquid



Fig. 7. Images of liquid water distribution inside the serpentine channel of a 25 cm2 PEM fuel cell. A – Photographic of the cathode of an operating transparent PEM fuel cell; B
– Simulation results from the present model. (1) Water accumulation at the elbows; (2) Water films attached to the walls of the channel.

484 R.B. Ferreira et al. / Applied Energy 203 (2017) 474–495
water. Applying a current density of 0.1 A cm�2 allowed to keep
the cell temperature below the reactants inlet temperature
(40 �C), so liquid water remained in the cell and its distribution
could be visualized.
4. Results and discussion

In the present section, results of the model are shown and dis-
cussed. First, its experimental validation is addressed. The model is
validated in terms of its ability to predict the cell electrochemical
performance and to simulate the two-phase flow in the cathode
GCs. Water dynamics in the serpentine channel over time is then
numerically analyzed, showing its emergence as droplets from
the GDL pores, interaction with the walls and accumulation in
the channel. Current density and liquid water generation rate spa-
tial distributions are displayed, and their relation with the water
velocity in each pore is demonstrated. Pressure drop, an important
parameter for the efficiency PEM fuel cells systems that is strongly
affected by the two-phase flow, is also analyzed for various operat-
ing voltages. An important advantage of conduct numerical simu-
lations on the two-phase flow in PEM fuel cells is the possibility
of extracting relevant quantitative data. Therefore, water content
quantification is performed in different locations of channel.
Finally, liquid water saturation in the GDL obtained by the multi-
fluid saturation model is depicted and its effects on the cell perfor-
mance are discussed.

4.1. Experimental validation

In Fig. 5 is depicted the cell performance in terms of polariza-
tion (Fig. 5A) and power density (Fig. 5B) curves simulated by
the model here presented and that obtained experimentally. The
experimental results are corrected taking into account the internal
electrical resistance (iR) of the cell, which was found to be excep-
tionally high for the hardware employed, about 0.16X cm2,
accounting for more than 2/3 of the cell total resistance. Such high
value of iR was found to be caused by poor electrical contacts
between the cell components, namely between the graphite plates
and the GDLs. From the analysis of Fig. 5, a good agreement
between the model predictions and the cell experimental perfor-
mance can be observed. However, at high current densities, it



Fig. 8. Water dynamics in the serpentine channel for two different operating voltages.
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can be seen that the model overpredicts the experimental results.
At 0.70 A cm�2, the simulated voltage is about 15% higher than that
obtained experimentally. This is probably due to the usage of the
Leverett J-function to calculate liquid water saturation, which
may be inappropriate for the GDLs of PEM fuel cells, as already dis-
cussed in Section 2. The level of liquid water saturation might be
underpredicted by this correlation, similarly to that reported by
Ramos-Alvarado et al. [51], causing the model to overpredict the
cell performance at high currents, where the effects of flooding
are significant.
In Fig. 6 are displayed the individual voltage losses, including
the cathode overpotential (Fig. 6A) and ohmic losses (Fig. 6B),
obtained experimentally through impedance measurements and
those calculated by the present model. It can be seen that the
model is able to correctly separate the different contributions that
affect the cell operation. The voltage decrease with increasing cur-
rent density is mainly dominated by the cathode overpotential,
which includes losses from the activation of the electrochemical
reactions, and mass transfer resistance due to flooding occurring
at high currents.



Fig. 8 (continued)
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In Table 3 are shown the model input parameters giving rise to
the results presented in this work. Parameters related with the fuel
cell design and operating conditions were set equal to those
employed in the experiments. Moreover, important kinetic
parameters, namely the OCV, the cathode transfer coefficient, ac ,

and reference exchange current density, Iref0 , were obtained
experimentally. This eliminates the need to arbitrarily assume
such values, therefore increasing the accuracy of the model predic-
tions. A recent study [67] stresses out the importance of gathering
reliable and robust input data, with focus on the kinetics of the
electrochemical reactions, in order to assure an adequate predic-
tive capability of PEM fuel cells models.

Fig. 7 contains images of liquid water distribution inside the
serpentine channel of an operating transparent fuel cell (Fig. 7A)
and that simulated by the present model (Fig. 7B). The images
shown were obtained after a relatively stable operation was
achieved, in which the general flow patterns did not change
considerably over time. The temporal analysis of the processes of
water emergence, accumulation and movement before reaching
such state are analyzed in the next section, using the model



Fig. 8 (continued)
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simulations. From the analysis of Fig. 7, it can be seen that the pre-
sent model can capture the general liquid water flow patterns
observed experimentally. In both situations, it can be observed a
general trend for water to be accumulated in, or close to, the
elbows of the channel (Fig. 7A(1) and B(1)). This occurs due to
the low air velocity verified in the corners of these locations. More-
over, the formation of long water films attached to the (hydrophi-
lic) walls of the channel can also be visualized in the experimental
and simulation results (Fig. 7A (2) and B (2)). It is important to note
that such comparison consists on a qualitative one. In the experi-
ments, the exact location of water emergence is not controllable.
Moreover, as already explained, water generation rate in the sim-
ulations has to be increased to achieve practical simulation times
(see Section 2.4.1.3). Several ex-situ experiments [70–72] have
been conducted, where the liquid water flow is visualized in
micro-channels especially designed to simulate those of a PEM fuel
cell, using a syringe pump to precisely control water emergence
location and velocity. The conditions of such tests could be repli-
cated in numerical simulations employing the VOF method, and
the results (liquid water distribution [70–72], droplets departure



Fig. 9. Current density distribution for various operating voltages.
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time [70] and two-phase flow pressure drop [72]) were almost
identical to those obtained experimentally, clearly asserting the
suitability of the VOF method to simulate the two-phase flow in
conditions similar to PEM fuel cells.

4.2. Water dynamics inside the serpentine channel

Fig. 8 shows liquid water volume fraction in the serpentine
channel at various time instants for two different operating volt-
ages: 0.60 V and 0.40 V. Simulations for 0.70 V, 0.50 V and 0.30 V
were also conducted. However, since the analysis of the results
for 0.60 V and 0.40 V is sufficient to capture the effects of operating
voltage in liquid water distribution, they are not shown here with
the purpose of brevity.

For 0.60 V, at 5.76 ms, it can be seen liquid water emerging into
the channel through the pores designed at the GDL surface, repre-
senting the main pathways for water transport, and the formation
of droplets that grown in size with time. It can also be observed
that these droplets do not suffer much deformation and are still
attached to the GDL surface. For 0.40 V and at 5.34 ms, the droplets
are generally larger, several are considerably deformed, and some
already detached from the GDL surface, starting to move down-
stream. It can also be visualized some smaller droplets being
ripped out from larger droplets due to the influence of the air flow.
At 0.40 V, current density is higher (Figs. 5 and 9), more water is
generated (Fig. 10), and thus water velocity in each pore is higher
(Fig. 11). Results shown in Figs. 9–11 are discussed in detail in the
next sub-section. Because more water is entering through each
pore, droplets grow into a larger size and interact more signifi-
cantly with the air flow, and considerable deformation occurs. At
0.60 V and 11.16 ms, several droplets already detached from the
GDL surface and start to move along the channel. It can be
observed some of these droplets moving freely suspended in the
channel, and others interacting with the top and side walls of it.
Moreover, as captured at 38.87 ms for 0.60 V, two droplets can
interact with each other coalescing into a larger droplet. At
10.70 ms, for the case of 0.40 V, some of the droplets already
reached and spread into the elbows of the serpentine channel. At
20.88 ms, for the same voltage, it can already be observed the ten-
dency of water accumulation in the elbows of the channel and, at
32.38 ms, the first water films become visible. For the case at
0.60 V, water accumulation in the elbows of the channel only starts
to be verified at 31.33 ms, and the first (small) water films are first
visualized at 48.38 ms. From Fig. 8, it is also clear that, at any time,



Fig. 10. Liquid water generation rate distribution for various operating voltages.

Fig. 11. Water velocity in each pore designed at the GDL surface. Fig. 12. Two-phase flow pressure drop at various operating voltages.
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Fig. 13. Volume-weighted water content in the entire serpentine channel, in its straight sections and in its elbows, at various operating voltages.

Fig. 14. Time-averaged volume-weighted water content in different sections of the
serpentine channel at various operating voltages, after dividing the channel into 21
approximately equal sections, from the inlet to the outlet.
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more water is present in the channel for the case of lower voltage.
Moreover, after a certain time, liquid water flow patterns do not
change considerably. This can be more easily observed for the case
of 0.40 V, in which similar liquid water distribution patterns are
observed from 32.38 to 70.04 ms. The most noted change during
such interval is only on the amount of water present in the
channel.

An important remark should here be made about the time scale
of the results shown in this work. As mentioned in Section 2.4.1.3,
the theoretical values of water velocity were increased in order to
speed-up water accumulation in the channel and reduced the sim-
ulation time. That makes the characteristic time of the numerical
results here presented to be the millisecond (ms). However, in real
PEM fuel cells, the processes of water emergence and accumulation
in the GCs has a higher characteristic time, from few seconds to
minutes [2,5,8,73,74].

4.3. Current density and liquid water generation rate distributions and
water velocity in each pore

Fig. 9 contains the current density spatial distribution for differ-
ent operating voltages. The results obtained at 0.50 V are not
shown in Fig. 9 for the sake of simplicity, as they agree with those
from 0.40 V and 0.30 V. The same consideration is applied to
Figs. 10 and 16. As expected, and as shown in Fig. 5, higher current
densities are obtained for lower voltages. For all voltages, the cur-
rent density is higher in the areas adjacent to serpentine channel,
because in this region the convective flow of air is stronger and
oxygen reaches the reactive sites more rapidly. It can also be
observed that current density decreases along the channel length
in all cases, from the inlet to the outlet, because oxygen is being
consumed along the channel and its mass fraction decreases.
Moreover, the decrease of current along the channel is more signif-
icant for lower voltages, because oxygen consumption rate is
higher in such conditions.

Contrarily to current density, liquid water generation rate dis-
tribution along the cell active area varies when changing the oper-
ating voltage, as shown in Fig. 10. For 0.70 V, liquid water
generation rate generally increases along the channel length, until
it stabilizes close to the outlet. At such voltage, water production
rate (directly proportional to current density) is low. In the area
close to the inlet, the water vapor being produced is generally
insufficient to saturate the air stream, and therefore liquid water
generation rate is very low. However, as air continues to move
along the channel, it continues to uptake water vapor, until it
becomes saturated. This results into more significant amounts of
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liquid water being generated. As shown in Fig. 9, current density
does not decrease considerably along the channel, so does water
production rate. Therefore, liquid water generation rate tends to
stabilize at the region close to outlet. For 0.40 V and 0.30 V, water
production rate is high, and the air stream becomes saturated right
after entering the cell. In such cases, the current density, and thus
water production rate, decreases significantly along the channel.
Because all water produced condensates, liquid water generation
rate also decreases along the channel. An intermediate case
between those just described occurs at 0.60 V. Close to the channel
inlet, liquid water generation rate is lower, and then increases in
the middle region. However, because the decrease of current den-
sity and water production along the channel is higher than that
verified at 0.70 V, liquid water generation rate tends to decrease
in the region closer to the outlet. This is also the case with more
uniform liquid water generation rate.

In Fig. 11 is depicted the water velocity in each pore for differ-
ent operating voltages. Pore 1 is that closest to the air inlet and
pore 42 is that closest to the outlet. It can be seen that: at 0.70 V,
water velocity generally increases along the channel length and
stabilizes close to the outlet; at 0.60 V water velocity is approxi-
mately uniform; and at 0.50 V, 0.40 V and 0.30 V water velocity
tends to decrease along the channel. Such profiles generally agree
with the local liquid water generation rate discussed above. The
fluctuations of water velocity in the pores observed in Fig. 11 are
due to differences in the area of the pores and the corresponding
GDL bottom wall sections, used to compute water velocity. These
deviations arise during mesh generation, and the subsequent dis-
crete division of the GDL bottom wall into several zones.
4.4. Two-phase flow pressure drop

Pressure drop is an important parameter for the design of PEM
fuel cell systems, especially when a compressor is used to supply
Fig. 15. Water coverage ratio at various operating voltages, at the top
air to the cathode side, as usually occurs in transportation applica-
tions. In such cases, higher pressure drops should be avoided
because they lower the overall system efficiency. Pressure drop is
also a reliable indicator of liquid water flooding, and water fault
diagnosis approaches based on pressure drop have become popular
[75]. The temporal evolution of two-phase flow pressure drop for
different operating voltages is depicted in Fig. 12. First, it can be
seen that pressure drop increases when the operating voltage
decreases. This occurs because, as shown in Fig. 10, liquid water
generation rate is higher for lower voltages, and higher water con-
tent in the channel raises the flow resistance. Second, an increase
in pressure drop with respect to time is observed, due to water
being continuously entering and accumulating in the channel. At
some point, liquid water flow rate at the outlet is expected to
match its emergence rate, and water content and consequently
the two-phase flow pressure drop will stabilize.
4.5. Quantification of water content local distribution

As mentioned in the Introduction, one important issue of exper-
imental techniques applied in the field of the two-phase flow in
PEM fuel cells is the difficulty in getting precise quantitative infor-
mation of water content location, although interesting progress
has been achieved with image processing from optical visualiza-
tion of liquid water inside transparent fuel cells [6,8,76]. Therefore,
this section is dedicated to the quantification of water content in
different locations of the serpentine channel. Such information
complements the qualitative analysis of water dynamics presented
in Section 4.2.

Fig. 13 shows the volume-weighted water content (volume of
liquid water divided by the total volume) in the entire serpentine
channel, in its straight sections and in its elbows, over time and
for different operating voltages. For all cases, it can be seen that
the volume-weighted water content in the elbows is considerably
and side walls of the serpentine channel and at the GDL surface.
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higher than that of the complete serpentine and its straight sec-
tions, except in the initial period when all droplets are still
attached to the GDL surface (located in the straight sections). Such
results were already expected taking into account the liquid water
distribution in the GCs from Figs. 7 and 8. They also agree with that
reported from direct visualization of liquid water distribution
inside a transparent fuel cell with image processing [8]. It can also
be observed that the relation of water content with the operating
voltage as well as its temporal profile are in accordance with the
results of the two-phase flow pressure drop, discussed in the sec-
tion above.

The time-averaged volume-weighted water content in different
sections of the serpentine channel is depicted in Fig. 14 for various
voltages, after dividing the channel into 21 approximately equal
sections, from the inlet to the outlet. The section 1 is that closest
to the inlet and section 21 is that closest to the channel outlet. A
graphical representation of the volume-weighted water content
in each section over time would result into 21 lines for each volt-
age, and its interpretation would be very challenging. After a first
analysis of the results, the authors verified that the trend of
volume-weighted water content vs channel section remains
generally constant over time. Therefore, the time-averaged
Fig. 16. Liquid water saturation distribution at the G
volume-weighted water content for each channel is here shown
for clarity. From the analysis of Fig. 14, it can be seen that the water
content along the channel length generally agrees with the water
velocity in each pore shown in Fig. 11, excepted for the case of
the two first channel portions, which water content is lower than
that of the following sections. This occurs because, contrarily to
the other sections which are continuously being fed by water com-
ing from upstream sections, section 1 does not have any section
upstream and section 2 has just section 1.

Fig. 15 shows the water coverage ratio (area covered by liquid
water divided by the total surface area) at the top and side walls
of the serpentine channel, as well as at the GDL surface, over time
and for various operating voltages. Except for 0.70 V, in which very
little liquid water accumulates in the GC, it can be seen that the
water coverage ratio of the top and side walls is considerably
higher than that of the GDL surface. This is a desired scenario,
because water accumulation in the GDL surface should be avoided,
otherwise it would hamper the air flow through the GDL and the
oxygen supply to the CL. The reason for higher water accumulation
in the top and side walls is due to their hydrophilic nature that
causes water to adhere to them, explaining the appearance of the
water films visualized in Figs. 7 and 8. The results from Fig. 15
DL bottom wall for various operating voltages.



Fig. 17. Single-phase and two-phase flow predictions of the fuel cell performance
in terms of polarization curve.
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generally agree with those from other numerical studies that con-
sider similar channel walls wettabilities and a hydrophobic GDL
[26,77]. Moreover, they show that the approach adopted in the
present model to account for the hydrophobicity of the GDL surface
is valid.

4.6. Liquid water saturation and its effects on the cell performance

Fig. 16 shows liquid water saturation in the GDL bottom wall at
various operating voltages. In general, liquid water saturation dis-
tribution along the channel length follows the same trend as liquid
water generation rate, shown in Fig. 10 and discussed above. It can
also be seen that more water is accumulated under the land region
(the area not adjacent to the serpentine channel), because the con-
vective flow is weaker than that in the region adjacent to the chan-
nel. Therefore, water is removed with greater difficulty from this
location.

Fig. 17 contains single-phase and two-phase flow predictions of
the cell performance in terms of polarization curve calculated by
the present model. In single-phase flow calculations, liquid water
saturation is set equal to 0 for all voltages, and in two-phase flow
calculations the liquid water saturation shown in Fig. 16 (area-
weighted average values) is used in Eqs. (14) and (37) to compute
the effects of liquid water flooding: the decrease in the effective
diffusion coefficient; and the coverage of the active sites of the
CL, respectively. It can be seen that the present two-phase flow
model estimates lower performances at high currents, where mass
transfer limitations are dominant. Such results shown that the
model can effectively account for the influence of flooding in the
cell operation.

5. Conclusions

In this work, a 1D + 3D numerical model of a PEM fuel cell is
described. It couples the VOF method to simulate the two-phase
flow in the cathode GCs with the electrochemical reactions and
the water balance in the membrane. Moreover, the multi-fluid sat-
uration model is applied in order to obtain liquid water saturation
in the GDL.

The model is successfully validated against an experimental
polarization curve, and it can effectively separate the different
voltage losses that affect the cell output. Moreover, visualization
of liquid water distribution inside a transparent fuel cell is con-
ducted, and it is shown that the model is capable of capturing some
of the main two-phase flow patterns observed experimentally:
water accumulation in the elbows of the serpentine channel and
the formation of long water films attached to the side walls.

Water dynamics inside the serpentine channel for different
voltages is analyzed. Water droplets emergence, detachment
and interaction with the channel walls and other droplets are
captured. At a lower voltage, droplets grow larger and suffer
more deformation, and the amount of water accumulated in
the channel is higher. Such fact is also noted when looking to
the two-phase flow pressure drop, that increases when the volt-
age is decreased. It is also observed that, after a certain time, liq-
uid water distribution in the channel does not change
considerably over time.

Water velocity in each pore designed at the GDL surface for
water emergence in the GCs is correlated with liquid water gener-
ation rate and current density distributions. It is found that, for a
higher voltage, water velocity of the pores increases along the
channel length, whereas at lower voltages it tends to decrease
along the channel.

Water content in different locations of the serpentine is quanti-
fied and the results show that, as expected from the analysis of liq-
uid water distribution, the volume-weighted water content is
higher in the elbows of the serpentine channel. When dividing
the serpentine into equal sections, from inlet to outlet, it is seen
that water content along the channel length generally follows
the same trend as the water velocity in the pores. It is also found
that the water coverage ratio is significantly higher in the hydro-
philic top and side walls of the channel in comparison with that
at the GDL hydrophobic surface.

Single-phase and two-phase flow simulations are performed
and it is observed that lower performances are predicted at high
currents when the two-phase flow is considered, showing that
the model can compute the effects of water flooding on the cell
operation.
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