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A pore network model (PNM) aiming at simulating the liquid water pore filling in the cathode gas diffu-
sion layer (GDL) in an operating PEM–fuel cell is presented. Compared to previous works, the model
allows simulating a significantly larger range of operating regimes. It notably allows considering the sit-
uation where the channel gas is fully humidified both for low temperature operating conditions (�40 �C)
and standard temperature operating conditions (�80 �C) as well as for intermediate operating tempera-
tures. The model leads to results in good agreement with several experimental observations from the
literature. This allows defining a regime diagram summarizing the main operating regimes identified
in the course of the study, namely the dry regime, the dominant condensation regime, the dominant
liquid injection regime, the mixed regime where both the capillarity controlled invasion in liquid phase
from the adjacent layer and condensation are important. The proposed model opens up new perspectives
for understanding the water transfer in proton exchange membrane fuel cells and the associated water
management and performance degradation issues.
1. Introduction

Water management, i.e. [1], and degradation mechanisms [2,3]
are two related major issues for the development of PEM-FC (Poly-
mer Electrolyte Membrane Fuel Cell) technology. In this context, a
better understanding of the water formation and transfer mecha-
nisms within the fuel cell can be highly helpful. Surprisingly, in
spite of the considerable worldwide research effort on this technol-
ogy, these mechanisms are not yet fully understood. This consti-
tutes an obstacle for the design of efficient and durable fuel cells
whose improvements still largely rely on costly trial and error
tests. As in other technological branches, numerical simulations
can be expected to help reduce the number of tests and to serve
as design tool but this, of course, implies that the key mechanisms
are well modelled. In this context, the present paper is an attempt
to clarify the mechanisms leading to the occurrence of liquid water
in the cathode gas diffusion layer (GDL) from numerical simula-
tions. As pointed out for instance in [4], GDLs are integral part of
PEM-FCs and play a key role for the distribution of the reactant
from the channel to the catalyst layer (CL) as well as for removing
the water produced in the CL. Due to its significance, the water
issue in GDLs has been the subject of many experimental and
numerical studies. On the experimental side, several groups have
contributed to this field using X-ray tomography microscopy, e.g.
[5–8], or neutron radiography, e.g. [9,10], techniques. These tech-
niques allow obtaining information on the liquid water distribu-
tion within the GDL under PEMFC actual operation conditions.
However, owing to spatial resolution problem, it is difficult to get
information on the water in the adjacent CL or microporous layer
(MPL). As a result, although highly interesting, the information
obtained from these techniques is generally not sufficient to really
understand the mechanisms at play. In this respect, the modelling
works and the associated numerical simulations can be considered
as complementary since they imply to make assumptions on the
water formation and transfer mechanisms. This has motivated
quite a few studies using various techniques, such as Lattice Boltz-
mann Method, e.g. [11], or pore network models (PNM) [12–29].
More classical continuum approaches based on the standard two-
phase flow model for porous media have been also used, e.g.
[30]. However, the lack of length scale separation characterizing
the GDLs leads to question the relevance of the classical continuum
approach to porous media in the case of GDLs, i.e. [31,32]. Com-
bined with the fact that PNM computations are quite faster than
LBM and easy to develop, this has led to the situation that PNM
is nowadays the most popular numerical technique to study the



invasion of GDLs by liquid water. The present paper is also based
on PNM. In this respect, the major objective of the paper is to pro-
pose an improved and more versatile PNM simulation tool com-
pared to previous works. This means that the new PNM should
be able to simulate a quite larger range of operating conditions
than previous models. This new PNM will be validated by compar-
ison with experimental data from the literature.

Actually, one can distinguish two main groups as regards the
PNMs aiming at simulating the pore filling of the GDL by liquid
water under in-situ conditions. The first group is by far the largest
in number of articles, e.g. [12–23]. The main assumption for this
group is that water enters the GDL in liquid phase from the CL or
MPL /GDL interface. For this reason, the models of this group are
referred to as Liquid Injection Pore Network Models (LIPNM). Also,
the temperature of the GDL is implicitly assumed as spatially uni-
form and phase change phenomena are neglected. Related to this
group, one can also mention the PNM presented in [24] where
the water also enters the GDL in liquid form but with, in addition,
the consideration of the evaporation phenomenon. The models of
the second group [25–28], have been proposed much more
recently. Compared to the models of the first group, a major differ-
ence is that liquid water can form within the GDL as a result of
vapour condensation. Also, the temperature variations within the
GDL are taken into account. This is actually a key feature in those
models. Contrary to the models of the first groups, the assumption
is made that water enters the GDL from the CL or the MPL in
vapour phase and not in liquid phase. The development of the con-
densation PNM (CPNM) was motivated by the fact that experimen-
tal works, i.e. [9,10], show situations where the liquid water is
confined under the ribs with no liquid water in the regions of the
GDL below the channels. As discussed and shown in [26,27], the
condensation PNM leads to results in fairly good agreement with
those experiments. Owing to the crucial role of condensation, the
PNMs of the first group should lead to very poor results in this case.
This will be illustrated in the present article. The corresponding
conditions were a standard operating temperature of 80 �C and
possibly a high relative humidity in the channel. However, the con-
dition of a fully humidified gas in the channel was not considered
in the simulations presented in [26,27]. Interestingly, the visualisa-
tions of the water distribution obtained by X-ray tomography pre-
sented in [6] for a temperature of 80 �C but fully humidified
channel gas conditions show liquid water distributions markedly
different with liquid water present not only below the rib but also
in the regions of the GDL below the channel. At lower tempera-
tures, i.e. T � 40 �C, the liquid water distributions obtained by
X-ray tomography also show that the liquid water can be present
almost everywhere, both below the ribs and below the channels.
In addition, the water distributions presented in [7] for the inter-
mediate temperature of 60 �C indicate a strong influence of the rel-
ative humidity in the feed channels with liquid water again almost
everywhere in the GDL when the gas in the channels is fully
humidified.

In brief, as regards the PNMs, the situation is the following. The
PNMs of the first group have never been compared to experimental
results obtained by X-ray tomography or neutron radiography.
They are unable to lead to consistent results with the experiments
at T = 80 �C discussed in [26]. In this respect, the PNMs of the sec-
ond group are much more satisfactory. However, tests with the
PNMs of the second group do not lead to satisfactory results for
the fully humidified channel gas conditions. Thus, there is a need
for a PNM able to simulate properly all the cases mentioned above.
Since the PNM of the second group lead to fairly good results at
80 �C when the relative humidity (RH) in the channel is less than
100%, the idea was to start from this type of model. We started
from the one described in [26]. In addition to several improve-
ments that will be indicated below, the main point is to consider
that water can enter the GDL both in vapour and liquid forms
and not only in vapour form as in [26]. For this reason, this new
PNM is called liquid-vapour Mixed Injection PNM (MIPNM). Here,
it can be mentioned that such a mixed option as boundary
condition at the GDL inlet was considered in the dynamic model
presented in [29]. However, the heat transfer problem is not
explicitly solved in this model and the simulations were performed
in 2D only. No detailed comparisons with experimental results
were presented. Although somewhat different and not exactly a
PNM, the model presented in [33] can be also mentioned here since
it seems that it combines both injection in liquid phase and
condensation.

The paper is organized as follows. The new PNM is presented in
Section 2. Section 3 is devoted to the calibration of an important
parameter of the model. Section 4 proposes a comparison between
experimental results and simulations from the three different
PNMs, namely a PNM of the first group (LIPNM), a PNM from the
second group (CPNM) and the new PNM (MIPNM). Section 5 is
devoted to a short discussion. A diagram summarizing the main
operating regimes identified in the course of the study is presented
in Section 6. Conclusions are drawn in Section 7.
2. Liquid-vapour mixed injection pore network model

As mentioned previously, the liquid-vapour Mixed Injection
Pore Network Model (MIPNM) is an extension of the condensation
pore network model (CPNM) presented in [26] to simulate the
water transfer in the cathode GDL of a fuel cell operating at stan-
dard operating temperature and reactant gas relative humidity
below 100%. This model was based on the assumption that water
enters the GDL in vapour phase. The major new feature here is to
consider that the water produced in the CL can enter the GDL both
in vapour and liquid phases. The same main phenomena in the
cathode GDL as for the CPNM are considered with the MIPNM:
namely water vapour transport, heat transfer, liquid-vapour phase
change and liquid water transport.
2.1. GDL unit cell

As sketched in Fig. 1, simulations are performed over a domain
referred to as the GDL unit cell. It corresponds to a section of the
cathode GDL located under a central rib and two half channels.
Unless otherwise mentioned, the rib width is Lr ¼ 960 lm and
the channel half-width is Lch=2 ¼ 480 lm. Spatially periodic
boundary conditions are imposed along the lateral boundaries of
the unit cell for each physical problem. The length of the computa-
tional domain in the y direction Ly (see Fig. 1) is less than its width
Lx ¼ Lr þ Lch. This allows reducing the computational time. After
some tests, it was judged that Ly could be reduced to 800 mm with-
out any noticeable impact on the liquid water distribution. Unless
otherwise mentioned, the GDL thickness is dc ¼ 200 lm and the
channel depth Hch ¼ 480 lm. Those values are representative of
real GDLs. As in [26], the GDL in the unit cell is represented by a
3D regular cubic network of pores and throats. Pores and throats
are referred to as the elements of the network. The network lattice
spacing, which is the distance between two neighbour pores in the
network, is a ¼ 40 lm. This leads to represent the GDL unit cell by
a Nx � Ny � Nz pore network where Nx, Ny and Nz are the number of
pores in the network in the in-plane transverse direction, the y
direction and the through-plane direction respectively. Unless
otherwise mentioned, Nx = 48, Ny = 20 and Nz = 5 pores.

The geometrical anisotropy of GDLs has been pointed out
through several recent X-ray tomographic microscopy studies
[34,35]. This anisotropy is expected to favour the liquid water inva-
sion along through-plane oriented pathways. This anisotropy is



Fig. 1. Sketch of the GDL unit cell and schematics of water and heat transfer problems.
caused by the orientation of the carbon fibres during the roll-
to-roll processing [36]. From X ray tomographic images, the aniso-
tropy of GDL was recently characterized by a difference of shape
between the in-plane and through-plane cross-section of the pores
which are respectively elongated ellipses and circles [34]. For the
simulations, the throat sizes are randomly chosen following uni-
form distribution laws between dt?;min and dt?;max for the throats
in the through-plane direction and dt==;min and dt==;max for the throats
in the in-plane directions. The values used for dt?;min, dt?;max, dt==;min

and dt==;max are given in Table 1 These direction dependent distribu-
tions allow taking into account the GDL anisotropy properties.

Furthermore, the geometry is region dependent. Indeed, the
mean pore size should decrease with the compression, e.g. [36].
This is in agreement with the work reported in [37] using X-ray
computed tomography and reporting distinct distributions under
the rib and under the channel. The compression of the rib leads
to smaller pores. To take into account this compression effect
under the rib, the throat sizes in the in-plane directions are
reduced by a factor

ffiffiffiffiffiffiffiffiffiffiffiffiffi
dc=duc

p
in the compressed region, i.e. below

the rib, where duc ¼ 230 lm is the thickness of the uncompressed
GDL under the half channels and dc ¼ 200 lm is the thickness of
the compressed GDL under the rib.

Finally, the pore sizes are adjusted so that the desired porosity
e = 76% of the GDL is imposed.
2.2. Transport problems to be solved

Although the various transport problems are solved using the
PNM techniques, we present them for convenience in compact
form using ‘‘macroscopic –like” equations. Details are available in
previous publications, e.g. [26,27], and for this reason are not
Table 1
Mass, heat and geometry parameters. D is the molecular diffusion of the water vapour. It d
bars).

Effective diffusion coefficient D�
?uc
D [–]

[-] 0.25

Thermal conductivity for dry GDL k?uc

[W�m�1�K�1] 0.25

Throat size distributions dt?;min

[mm] 14
repeated here. Actually, the PNM discretization of the various
transport problems on the cubic network is quite similar to a finite
volume discretization over a regular mesh, with a spatial step
equal to the lattice spacing. In the standard PNM approach, i.e.
[38], the local conductances vary from one throat to the other as
the result of the throat and pore size spatial variability. As in
[26], this local variability is not taken into account in what follows.
Thus, it can be considered that we use a mean field approach in this
respect. However, the variability between the region below the rib
and the regions below the two half channels as well as the aniso-
tropy of the microstructure is taken into account as explained
below.
2.2.1. Vapour diffusion
For simplicity the gas phase is considered as a binary mixture of

water vapour and air. Using Fick’s law the problem to be solved
regarding the vapour transport is expressed in compact form as:

r � ðD� � rðcxvÞÞ ¼ 0 ð1Þ

where D� is the effective diffusion tensor of the vapour and c ¼ Pref
RTbp

is the mole concentration of the gas phase defined at the bipolar
plate temperature Tbp.

Due to the GDL anisotropy and the compression under the rib,
the components of the effective diffusion tensor D� are defined
for every region and every direction: D�

?c for the compressed region
in the through-plane direction, D�

==c for the compressed region in
the in-plane directions, D�

?uc for the uncompressed region in the
through-plane direction and D�

==uc for the uncompressed region in
the in-plane directions. The values are presented in Table 1.
epends on temperature and pressure (D = 2.27 � 10�5 m2/s at T = 80 �C and ptot = 1.5

D�
?c
D [–] D�

==uc

D [–]
D�
==c

D [–]
0.25 0.7 0.5

k?c k==uc k==c
0.25 4.0 6.64

dt?;max dt==;min dt==;max

22 10 18



At the GDL/channel interface, the water vapour molar fraction is
imposed from the relative humidity of the gas flowing inside the
channel (Fig. 1),

xv;ch ¼ RHchPvsðTbpÞ
Pref

ð2Þ

where PvsðTbpÞ is the saturation vapour partial pressure at the bipo-
lar plate temperature Tbp and RHch is the gas relative humidity. Both
Tbp and RHch are inputs of the model. A zero flux condition is
imposed at the GDL/rib interface.

Various boundary conditions can be applied at the GDL/CL
interface since liquid, vapour or both vapour and liquid water
injection conditions can be imposed. The corresponding boundary
conditions are presented later. Whatever the boundary conditions
at the GDL/CL interface, the total flux of water entering the GDL
must be equal to:

Q ¼ b
i
2F

ð3Þ

where b is a parameter introduced for taking into account that only
a fraction of the produced water goes to the cathode side, i is the
current density which is a model input and F is the Faraday’s con-
stant (F = 96485.34 C).

In every element of the network, pore or throat, that contains liq-
uid water the local relative humidity is set to RH = 100%, meaning
that the liquid-vapour equilibrium is reached. Therefore, the molar
fraction of water vapour in such an element is xv ¼ PvsðTÞ=Pref .

2.2.2. Heat transfer
The heat transfer problem is solved in both the bipolar plate

(channel and rib) and the GDL to take into account the impact of
the bipolar plate geometry on the temperature field. Thermal con-
duction with liquid-vapour phase change is considered,

r � ðk � rTÞ ¼ Slv ð4Þ
where k is the local effective thermal conductivity tensor and Slv is
the source term associated with the phase change.

Like the effective diffusion coefficient, the thermal conductivity
is different in the in-plane and the through-plane directions and in
the compressed and uncompressed regions. At the scale of the dis-
cretization mesh associated with the pore network, thermal con-
ductivities are effective parameters for the medium made of a
mixture of carbon fibres and fluid in the pores. Since the GDLs
are highly porous (e � 76%), the nature of the fluid phase can sig-
nificantly impact the thermal conductivity because the thermal
conductivity of liquid water (�0.61 W�m�1�K�1) is significantly lar-
ger than the one of air (�0.027 W�m�1�K�1). Compared to the ther-
mal model developed in [26] an improvement made with the
present model was to take into account the dependence of the local
effective thermal conductivity on the local water saturation in the
GDL. Based on the experimental results from [39], the following
expression for the thermal conductivity was considered:

kðSÞ ¼ ðksaturated � kdryÞSþ kdry ð5Þ
This model assumes that the thermal conductivity linearly

increases with the saturation S. The saturation S is the local volume
fraction of the pore space occupied by liquid water. S = 0 in a dry
region and S = 1 in a liquid fully saturated region. The values for
ksaturated and kdry are adapted from experimental results presented
in [39]. The experiments in [39] allow characterizing the
through-plane thermal conductivity only. A similar functional
dependence with the saturation, i.e. Eq. (6), was assumed in the
in-plane direction. For the studied GDL, this leads to consider the
following expression:

kðSÞ ¼ 0:42Sþ kdry ð6Þ
The various values of kdry for each direction and each region are
presented in Table 1.

The consideration of the latent heat transfer associated with the
liquid-vapour phase change is another noticeable improvement of
the thermal model compared to the simplified version considered
in [26]. The corresponding source term Slv in Eq. (4) is non-zero
only in pores containing liquid-gas interface. It is expressed as:

Slv ¼ hlv _mnet ð7Þ
where hlv (J/mol) is the water phase change enthalpy and _mnet (mol/
m3/s) is the local net liquid-vapour phase change rate in the consid-
ered pore.

The heat U generated by the electrochemical reaction at the
cathode CL is conducted through the GDL to the bipolar plates
where the temperature Tbp is assumed constant. As sketched in
Fig. 1, it is further assumed that only half of the generated heat
is transferred on the cathode side:

0:5 U ¼ 0:5
hr

2F
� U

� �
i ð8Þ

where hr is the reaction enthalpy (hr = 242000 J�mol�1) and U is the
electrical tension which is deduced from a polarization curve
adapted from [9].

2.2.3. Liquid water transport
The liquid water transport through the GDL is controlled by

capillary forces. Since GDLs are generally treated with PTFE, the
GDL is considered as hydrophobic. Assuming a good distribution
of the PTFE all over the GDL, every element of the pore network
is thus considered as hydrophobic. As a result and as in practically
all the previous works using PNM for the study of GDLs, the liquid
water displacement in the network follows the invasion percola-
tion rules [40].

2.3. GDL liquid water filling algorithm

As mentioned previously, the crucial new feature compared to
previous works, i.e. [26,27], lies in the consideration of evaporation
and condensation processes in the GDL together with the possibil-
ity for the water to enter the GDL in both liquid and vapour phases.
The corresponding liquid water invasion/filling algorithm can be
summarized as follows (see also the flow chart of the algorithm
in the appendix):

(1) The GDL is fully dried initially.
(2) All the produced water, as given by Eq. (3), is injected in

vapour phase initially. The heat and mass problem are
solved to obtain the temperature and water vapour molar
fraction fields. This allows determining the relative humidity
in every element of the network.

(3) A first nucleation step is performed. This step allows deter-
mining the elements in which condensation happens. Con-
densation occurs in an element of the network when the
relative humidity in the element is such that RH > g (with
g P 1). Condensation happens step by step starting in the
pore of maximum RH. Nucleation condensation consists in
imposing an incipient liquid volume fraction (set to 1% in
all the presented simulations) and a relative humidity
RH = 1 in the considered element. After each nucleation –
condensation step, the temperature and water vapour molar
fraction fields are recomputed in the network so as to take
into account the new distribution of liquid water. All the ele-
ments verifying the nucleation criterion RH > g are identi-
fied again and this step is repeated until no new dry
element verifies the nucleation criterion.



(4) At the end of the first nucleation step all the pores located in
the first layer at the GDL/CL interface are checked. Among
these pores, all of them where nucleation has occurred, if
any, are identified. A fraction a of these pores becomes liq-
uid injection points. The remaining fraction (1 � a) of these
pores are considered as purely gaseous with a fixed relative
humidity RH = 100%. The reason for randomly choosing a
number of liquid injection points can be seen as a way of
taking into account the impact of the MPL, which is not
explicitly modelled in the present effort. It is generally con-
sidered, e.g. [41,42], that the MPL contributes to prevent the
GDL water flooding by selecting preferential water path-
ways. For this reason, we consider that liquid water enters
the GDL through a finite number of injection points (this
number is denoted by Ninj) and not all over the whole inter-
face. It is important to note that the liquid injection points
are specified during this step only. No new injection points
are set during the next steps of the simulation despite the
possible occurrence of new nucleation sites in the first layer
at the GDL/CL interface during those steps. It would be inter-
esting to develop a more refined algorithm to explore the
significance of this issue. This is left for a future work.

At the end of step #4, three different kinds of boundary condi-
tions are imposed in the pores located at the GDL inlet, corre-
sponding to three different types of inlet pores. The pores
where no nucleation was detected in step #3 are considered
as gaseous. The water vapour molar flux Q given by Eq. (3) is
imposed in those pores. They are shown in grey in Fig. 2. The
pores where nucleation has occurred but which have not been
selected in step #4 as liquid injection pores are considered as
gaseous with a fixed relative humidity RH = 100%. They are in
blue in the example shown in Fig. 2. In such pores, the injected
water flow rate is not imposed but is computed from the com-
putation of the water vapour molar fractions in the network.
The corresponding flow rate is denoted by Qcomp. The water liq-
uid flow rate Qliqwater in each pore selected in step #4 as liquid
injection point (in red in Fig. 2) is determined from the follow-
ing mass balance assuming that the injection flow rate Qliqwater is
the same in each liquid injection pore:
Ninja2Qliqwater ¼ Qa2NxNy �
X

ði;jÞgaseous RH<1

Qa2 �
X

ði;jÞgaseous RH¼1

Qcompa
2

ð9Þ
Fig. 2. Example of the first layer of GDL pores with the three types of pores at the
inlet. Grey pores are gaseous with a relative humidity lower than 100%. The relative
humidity is fixed at 100% in blue gaseous pores. Red pores are the chosen liquid
injection pores. Qliq water corresponds to water injection in liquid phase, Qcomp

corresponds to injection in vapour phase from vapour saturated pores, Q
corresponds to injection in vapour phase from inlet dry pores (see text). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
(5) Then, a second nucleation step is performed. The procedure
is the same as in step #3 but is performed for the inlet
boundary conditions specified in step #4.

(6) All the liquid clusters present in the network grow simulta-
neously. For a given liquid cluster no new dry element at the
interface with the cluster can be invaded until all of the ele-
ments of the liquid cluster are fully saturated. If several ele-
ments at the boundary of the liquid cluster are partially
saturated, the water flux entering the cluster is distributed
evenly between these elements. Once all the elements of a
given cluster are fully saturated, the dry boundary element
with the largest equivalent diameter is selected as the next
one to be invaded. After every new invasion, the tempera-
ture and water vapour molar fraction fields are updated
and a nucleation step is carried out. This liquid cluster
growth step continues until every liquid cluster has reached
the injection-condensation-evaporation equilibrium. For a
given cluster, this equilibriummeans that the mass flow rate
of water injected in liquid phase at the GDL inlet and enter-
ing the cluster, if any, the mass flow rate of water feeding the
cluster by condensation and the mass flow rate of water
leaving the cluster by evaporation are balanced. When the
equilibrium is reached for each cluster, the steady –state is
considered as having being reached and the procedure stops.

3. Calibration of MIPNM

3.1. Parametrization of liquid injection point fraction

The fraction of injection points a is an input parameter for the
model. Considering that the liquid injection takes place in a limited
number of inlet pores can be related to the impact of the MPL
which induces preferential pathways for the liquid water trans-
port. This phenomenon can be even more marked in the presence
of cracks along the through-plane direction of the MPL. It can be
surmised that the number of injection points varies depending
on the thickness of the MPL and/or the presence of cracks in the
MPL. Even in the absence of MPL, it is quite reasonable to consider
that the water produced in the CL enters the GDL only through a
fraction of the pores of the GDL in contact with the CL. However,
direct estimates for this parameter are not available in the litera-
ture. In the case of the pure liquid injection scenario ignoring the
phase change phenomena, it has been shown that this parameter
has an impact on the number of breakthrough points and thus
on the number of liquid clusters forming in the network, e.g.
[43]. In order to assess the impact of this parameter for the Mixed
Injection Pore Network Model (MIPNM), preliminary comparisons
were performed with available experimental results considering
four reasonable values of a, namely 5%, 10%, 20% and 30%. The
experimental results chosen to perform the calibration were the
ones from Eller et al. [6] (Tbp = 80 �C, i = 0.75 A�cm-2, RHch = 100%).
The calibration was performed from the computation of the satura-
tion profiles (in-plane, through-plane under the rib and through-
plane under the channel; in a given domain, i.e. a slice, the satura-
tion is the volume fraction of the pore space occupied by liquid
water). The simulations led to trends in the saturation profiles in
qualitative agreement with the experimental data for the four con-
sidered values of a. As illustrated in Fig. 3a, the impact of a on the
through-plane saturation profile is mostly on the saturation at the
GDL inlet. Also, as illustrated in Fig. 3b, increasing a mostly
increases the saturation in the region below the channels. Varying
the liquid injection point fraction a enables one to match the
through-plane saturation values at the bottom and top layers of
pores in the different regions. A too low value of a like 5% or 10%
leads to too low in-plane saturation levels under the channel and
too low through-plane saturation in the first layer of pores com-



Fig. 3. Impact of a on the through-plane (a) and in-plane (b) saturation profiles. (Tbp = 80 �C, i = 0.75 A�cm-2, RHch = 100%).

Fig. 4. In-plane saturation profiles obtained with the MIPNM (a = 20%) compared to
the experimental data available in [6] (Case A03 in this Ref. Tbp = 80 �C, i = 0.75
A�cm-2, RHch = 100%). The transverse coordinate x is made dimensionless using the
total width of GDL unit cell.

Fig. 5. Computed water saturation profiles obtained for a = 20% simulating the
experimental case A03 in [6]: through-plane (a), through-plane under the rib (b)
and through-plane under the channel (c). The GDL inlet is at z=d ¼ 0; the rib and
channels (BP) are at z=d ¼ 1. (Tbp = 80 �C, i = 0.75 A�cm-2, RHch = 100%).
pared to the experimental results [6]. As illustrated in Fig. 4, choos-
ing a = 20% leads to a fair match with the experimental data. For
this value, the agreement between experimental results and
numerical predictions is good. Not only the trends are the same
but the saturation levels in the different regions also agree. The
through-plane saturation profiles are depicted in Fig. 5. They are
in quite reasonable agreement with the liquid water distribution
shown in [6] as colour map (see Fig. 6 A03 in [6]). The saturation
increases in the region under the rib from the GDL inlet up to a
maximum value close to the rib while the saturation decreases in
the region under the channel to reach values close to 0 at the inter-
face with the gas channel.

3.2. Parametrization of the network anisotropy

The chosen moderately anisotropic pore network structure is
also a feature that can be discussed. Although it is known that GDLs
are anisotropic fibrous materials, it is not so obvious to specify the
throat size distributions in the through-plane and in-plane
directions of the network. The experimental results available in
the literature do not make a distinction between the through-
plane and in-plane directions, nor actually between pore sizes



Fig. 6. Liquid water distributions for a low operating temperature and fully
humidified conditions in the channel (Tbp = 40 �C, i = 0.5 A�cm�2, RHch = 100%). The
top image is the experimental distribution obtained by Eller et al. [5] from X-ray
tomography (reproduced with permission from J. Electrochem. Soc., 158, 8 (2011).
Copyright 2011, The Electrochemical Society). Note that the channel is in the
middle and ribs are on the side in the experiment, contrary to the simulations
where the rib is in the middle. The image in the middle shows the distribution
obtained with the LIPNM (a = 20%). The image at the bottom show the distribution
obtained with the MIPNM (a = 20%).
and throat sizes. In order to check that the chosen structure was
acceptable, simulations were performed with the MIPNM and
a = 20% changing the anisotropy of the network. In addition to
the network described in Section 2 and used for the simulations
presented in Section 3.1, referred to as moderately anisotropic,
simulations were also performed with a highly anisotropic pore
network structure and an isotropic one. Note that anisotropy here
refers only to the throat size distributions (TSD) in the through-
plane and in-plane directions (the properties indicated in Table 1
were not modified). Thus isotropic means the same TSD in the
three directions of the network whereas highly anisotropic means
no overlap between the in-plane TSD and through-plane TSD.
These simulations have indicated that the structure defined in Sec-
tion 2 was appropriate. Indeed, the degree of anisotropy of the GDL
has a significant impact on the liquid water distribution in the dif-
ferent regions of the GDL, namely below the rib and below the
channel. A valuable indicator in this respect to specify the most
appropriate structure is the ratio between the mean saturation
under the channel and the mean saturation under the rib. For
almost isotropic structures this ratio tends toward 1 while it tends
towards 0.2 for the most anisotropic structure simulated. Accord-
ing to the experimental data available in [6], this ratio ranges from
0.3 to 0.4 for the operating conditions considered. The simulations
made with MIPNM for the moderately anisotropic structure lead to
a ratio of 0.31. Thus in what follows, the moderately anisotropic
network is used and a = 20% unless otherwise mentioned.
4. Comparison between the different models and experimental
results

As indicated in the introduction, two main kinds of PNM have
been used so far to simulate the filling of the cathode GDL pore
space by liquid water. The first one, referred to as LIPNM, is based
on the assumption that water enters the cathode GDL in liquid
form under isothermal conditions without consideration of
liquid-vapour phase change phenomena. The second one, referred
to as CPNM, assumes that the water generated by electrochemical
reaction enters the GDL in vapour phase and diffuses within the
pore network as the result of the vapour molar fraction difference
between the GDL inlet and the bipolar plate channels. The pore fill-
ing by liquid water, if any, is by condensation of the vapour. The
third option is the mixed scenario presented in the present article
(MIPNM). In the latter, water can enter the GDL in vapour phase
but also in liquid phase in a finite number of injection points
depending on the conditions at the GDL inlet.

In this section, two quite distinct operating conditions are first
considered so as to compare the results obtained with the three
models with a focus on the fully humidified conditions in the chan-
nel (RHch = 100%). The first one corresponds to a relatively low
operating temperature (�40 �C) whereas the second corresponds
to a standard operating temperature (�80 �C). Then the case of
an intermediate operating temperature (�60 �C) is considered
using the MIPNM.
4.1. Low operating temperatures (�40 �C)

The low temperature case corresponding to the conditions
imposed by Eller et al. [5] in their low temperature X ray tomogra-
phy experiment (Tbp = 40 �C, i = 0.5 A�cm�2, RHch = 100%) is illus-
trated in Fig. 6. This case is characterized by the presence of
liquid water both below the rib and below the channel. For the
pure liquid injection (LIPNM) and mixed vapour/liquid injection
(MIPNM) models, the liquid injection point density has been set
to a = 20%. As can be seen, both the LIPNM andMIPLM lead to a liq-
uid water distribution qualitatively similar to the experimental
one. However, the mean saturation level is different between the
two models. The pure liquid injection model predicts higher satu-
ration levels, especially under the rib. This difference can be
explained by the fact that the water condensation in the GDL right
under the rib predicted by the MIPNM helps the different liquid
injection clusters to quickly form a unique cluster under the rib
before invading other network elements, i.e. pores or throats. Fur-
thermore, injection-condensation-evaporation equilibrium is
reached in some liquid clusters located under the channel region
before breakthrough. This phenomenon contributes to reduce the
saturation in this region compared to the prediction of the LIPNM
ignoring the liquid-vapour phase change phenomena. Although it
is not easy to decide from the comparison shown in Fig. 6 which
simulated distribution is the closest to the experimental one, it
can be noted that the latter suggests that some liquid clusters
are not connected to the inlet or to the channel. This feature is
not possible with the LIPNM. Therefore, we conclude that the
mixed liquid/vapour injection model (MIPNM) looks in better
agreement with the experimental observations from Eller et al.
[5]. We have not shown for this case the distribution obtained with
the CPNM. The latter actually predicts that the first slice of pores at
the inlet is fully saturated. This is not consistent since this would
fully block the oxygen access to the CL and different from the
experimental visualisation (top view in Fig. 6), which clearly sug-
gests that the first slice of pores is only partially saturated, espe-
cially below the channel, as also predicted with the MIPNM.
4.2. Standard operating temperatures (�80 �C)

The second operation conditions that have been simulated are
the one corresponding to Eller et al. experiments [6] at standard
operating temperature (Tbp = 80 �C, i = 0.75 A�cm�2). As illustrated
in Fig. 7, note that in this particular experiment the rib is twice
as large as the channel. This has been taken into account in the
simulations. We first consider the case where the channel gas is
not fully humidified (RHch � 80%). The experimental distribution
of liquid water is shown in Fig. 7 together with the distributions
predictions by the various models. As for the distributions dis-
cussed in [26], the experimental distribution is characterized in



Fig. 7. Liquid water distributions for a standard operating temperature and
humidity conditions in the channel less than 100% (Tbp = 80 �C, i = 0.75 A�cm�2,
RHch = 80%). Comparison between the experimental distribution obtained by Eller
et al. [6] from X-ray tomography (top image) (reproduced with permission from
authors.) and the distribution obtained from the various PNMs, namely LIPNM (a
=20%), CPNM and MIPNM (a =20%).

Fig. 8. Liquid water distributions for a standard operating temperature and fully
humidified conditions in the channel (Tbp = 80 �C, i = 0.75 A�cm�2, RHch = 100%).
Comparison between the experimental distribution obtained by Eller et al. [6] from
X-ray tomography (top image, the various liquid clusters are shown using various
levels of grey) (reproduced with permission from authors.) and the distribution
obtained from the various PNMS, namely LIPNM (a = 20%), CPNM and MIPNM
(a = 20%).
this case by a strong separation between the channel and the rib.
This means that liquid water is present only in the region of the
GDL below the rib with no liquid water below the channels. In
accordance with the simulations presented in [26], the condensa-
tion PNM (CPNM) well captures the separation effect. Interestingly,
as depicted in Fig. 7, the mixed injection model also leads to a
strong separation effect as in the experiment. However, the liquid
water is a bit less confined below the central region of the rib than
with the CPNM. This is a consequence of the fact that some water is
injected in liquid phase at the inlet with the MIPNM. The MIPNM
liquid water distribution seems to be in a better agreement with
the experimental distribution than the one obtained with the
CPNM. It is clear from Fig. 7 that the pure liquid injection model
(LIPNM) is totally inappropriate for these operating conditions.

Liquid water distributions when the gas in the channels is fully
humidified (RHch = 100%) for this operating temperature (80 �C) are
shown in Fig. 8. As can be seen, the liquid water distribution
obtained in the experiment presented in [6] for this case is charac-
terized by the presence of liquid water both in the region of the
GDL below the rib and also below the channels. This distribution
is therefore markedly different from the one observed for
RHch = 80% (Fig. 7). The pure liquid injection model (LIPNM) looks
inappropriate for these conditions since the fraction of liquid pores
looks noticeably higher than in the experiment. The pure vapour
injection model (CPNM) leads to worse results. It predicts a strong
separation effect between rib and channel except over the first
layer of pores which is completely flooded. This is clearly not con-
sistent with the experimental distribution. The best results are
clearly obtained using the mixed liquid/vapour injection model
(MIPNM). This model predicts the presence of condensed water
right under the rib, the presence of liquid injected water under
the channel region and no flooding of the GDL. For this second case
also, the new model is the more relevant to predict what happens
during the experiments.

Then the MIPNM model was tested as regards the impact of the
rib width/channel width ratio. This ratio is one for the reference
case (rib width equal to channel width). Interestingly, experimen-
tal visualisations of the liquid water distributions are presented in
Eller et al. [6] for the standard case where the ratio is one but also
for a ratio of 2 (rib width twice as large as channel width), referred
to as the special geometry. The numerical distributions are
depicted in Fig. 9. They are in good agreement with the experimen-
tal results [6]: no liquid water in the GDL for the basic rib/channel
geometry and RHch = 80%, liquid water present only under the rib
for the special rib/channel geometry at RHch = 80% and finally, pres-
ence of liquid water in every region for special rib/channel geom-
etry at RHch = 100% with a peak of saturation under the rib.

4.3. Intermediate operating temperatures (�60 �C, RHch = 100%)

In situ observations of liquid water distribution in fuel cells
operating at an intermediate temperature of 60 �C have been pre-
sented in [7,8]. The current density was 1.5 A�cm�2 in the experi-
ments reported in [8] while the experiments in [7] were at the
limiting current density, close to 2.5 A�cm�2. Another difference
lies in the bipolar plate design. The channel width was 0.2 mm in
[8], which is very narrow, while this width was 0.5 mm in [7]. Con-
sidering the respective geometry of both cases leads to a network
of 24 � 20 � 4 pores for the configuration of [7] and to a network of
10x10x5 pores for the configuration studied in [8].

The same calibration work as for Eller et al. [6] data has been
performed for the experimental case RHch = 100% from [7]. The
heat flux was reduced from 0.5U to 0.4U to obtain better results.
This change can be justified by the fact that the produced heat is
partially removed from the fuel cell by a water-coolant circulation



Fig. 9. Liquid water distributions obtained using the MIPNM (a = 20%) for an operating temperature Tbp = 80 �C and a current density i = 0.75 A�cm�2 in a cathode GDL unit
cell located under a bipolar plate with Lr = Lch (cases a, b) and a bipolar plate with the rib width twice as large as the channel width (Lr = 2Lch) (cases c, d).

Fig. 10. Liquid water distribution obtained with the MIPNM (a = 10%) for the
conditions of Muirhead et al. [7] (Tbp = 60 �C, i = 2.5 A.cm-2, RHch = 100%).

P. Carrere, M. Prat / International Journal of Heat and Mass Transfer 129 (2019) 1043–1056 1051
system in this experiment [7]. A value of a � 10% gives saturation
levels at the GDL/MPL interface in reasonable agreement with the
experimental results (Fig. 11). The liquid distribution computed
Fig. 11. Water saturation profiles obtained with the calibrated MIPNM (black curves; a =
plane (a), through- plane (b), through-plane under the rib (c) and through-plane under
with the MIPNM for those conditions is shown in Fig. 10. The com-
puted through-plane saturation profiles are depicted in Fig. 11.
First, under the rib region, the mean saturation increases from
the GDL inlet up to a maximal value under the rib where the
GDL is almost flooded. Secondly, in the region under the channel,
the saturation increases from the GDL inlet to the second layer of
pores and then decreases up to the channel. The saturation levels
are in reasonable agreement with the experimental ones for the
region under the channel. However, the numerical values are too
high under the rib. Explanation for this difference is proposed in
Section 5.

In the experiments in [8], the reactant gas relative humidity
was varied in the range [25%, 50%, 75%, 100%]. As for the simu-
lation of Muirhead et al.’s experiment [7], the heat flux was
reduced to 0.4U given the fact that a water bath cooling system
was also used. All these relative humidity conditions have been
simulated. Results are illustrated in Fig. 12. The MIPNM predicts
10%) and adapted experimental data (dashed lines with symbols in red) from [7]: in-
the channel (d). (Tbp = 60 �C, i = 2.5 A.cm-2, RHch = 100%).



Fig. 12. Liquid water distribution obtained for the simulation of Chevalier et al.’s experimental conditions [8] (Tbp = 60 �C, i = 1.5 A.cm-2) using MIPNM (a = 20%).

Fig. 13. Through-plane saturation profiles obtained when simulating Chevalier et al. experimental cases [7] (black) and reported corresponding experimental data (red)
(Tbp = 60 �C, i = 1.5 A.cm-2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
a global evolution of the liquid water distribution with reactant
gas relative humidity in good agreement with the experimental
results from [8]. For low relative humidity conditions, meaning
25% and 50%, it is found that the cathode GDL remains dry. Che-
valier et al. [8] reported that the GDL also remained dry at
RHch = 25% but a small amount of liquid water could be found
at RHch = 50%, mainly at the interface with the MPL. For higher
relative humidities, the simulations predicted the presence of
liquid water in agreement with the experiment. As illustrated
in Fig. 13, applying a density of liquid injection points a equal
to 20% leads to a mean saturation level in the first layer of pores
agreeing with the experimental one estimated in [8] at
RHch = 75%. Finally at RHch = 100%, the model predicts the forma-
tion of liquid water in the GDL by condensation in the pores
close to the rib and by liquid injection at the MPL/GDL interface.
This leads to higher saturation levels compared to the ones
obtained at RHch = 75%. Setting a to 60% permits to obtain the
desired level of water saturation at the GLD/MPL interface for
this case (Fig. 13). However, as illustrated in Fig. 13, the simula-
tion does not predict exactly the same water saturation profile in
the through-plane direction. Indeed, while Chevalier et al. [8]
reported a continuous decrease from the GDL inlet up to very
low values at the bipolar plate/GDL interface, our model predicts
a less drastic decrease in the first layers of pores followed by an
increase in the last layer of pores where water is formed by con-
densation. Some possible explanations are discussed in Section 5.
5. Discussions

The conclusion is therefore that the mixed injection model
(MIPNM) leads to results in good agreement, at least qualitative,
with experimental observations for all the operating conditions
considered. Compared to previous models, it is able to predict con-
sistent liquid distributions for a large range of operating condi-
tions: low, intermediate and standard operating temperature,
fully or partially humidified gas in the channel. It reconciles the
previous works, since it leads to liquid water distributions resem-
bling the ones predicted by the first group of PNM (referred to as
LIPNM) when the temperature is low and the gas fully humidified
and the liquid distributions predicted by the condensation PNM
(CPNM) for the sufficiently high operating temperatures and gas
in the feeding channel with a relatively humidity less than 100%.
Furthermore, it leads to results more consistent with the experi-
ment than the LIPNM at low temperature. However, the compar-
ison with the liquid experimental distribution at 60 �C was a bit
less good. Nevertheless many important trends were well repro-
duced by the model also for this operating temperature. Several
explanations can be proposed as regards some of the discrepancies
observed between the model and the experiments. First of all,
uncertainties are necessarily associated with the type of experi-
ments leading to the results discussed in Section 4. The discrepan-
cies might be due in part to experimental artefacts. The results
presented in [7] or [8] also suggest that the porosity significantly



varies over the GDL thickness. This feature has not been taken into
account in our simulations. Also, it should be pointed out that a
special design of bipolar plate with a rib width of only 200 lm
was used in [8]. This leads to only 5 pores over the rib width in
our model since we kept the lattice spacing unchanged (40 lm)
in all the simulations. So perhaps, works should be performed for
defining the pore network model properties so as to be more rep-
resentative of the particular fuel cells used in [8]. Also, it is known
that the current density is actually not uniform at the GDL inlet and
can be significantly less below the rib, e.g. [44]. This effect is not
taken into account in our simulations. This might explain the
greater saturation obtained under the rib in the simulations for
the case illustrated in Fig. 11. The occurrence of condensation is
strongly dependent on the heat transfer. Thus, in addition to the
possible non uniform inlet current density condition at the GDL,
the heat and mass transfer properties used in the simulations are
perhaps not sufficiently representative of the experimental situa-
tion considered in [8].

In this respect, we recall that two noticeable modifications
were introduced compared to the heat transfer model presented
in [26]. As for the PNM described in [28], the latent heat transfer
associated with the liquid-vapour phase change is taken into
account in pores where phase change occurs. Condensation
releases heat while evaporation induces some local cooling.
The second modification lies in the dependence of the local ther-
mal conductivity with saturation. So far, this feature had never
been implemented in GDL PNMs. The impact of the two modifi-
cations was studied separately as well as together for different
operating conditions. On the whole, the latent heat transfer
tends to warm up the GDL while the dependence of thermal
conductivity with water saturation tends to cool it. The simula-
tion of a low temperature and low current density case
(Tbp = 40 �C, i = 0.5 A�cm-2, RHch = 100%) led to the conclusion that
the introduced modifications, separately or together, have no sig-
nificant impact on the liquid water distribution compared to the
simulation made without considering these two effects. By con-
trast, the simulation for high temperatures, i.e. close to the stan-
dard operating temperature and moderate current densities, i.e.
Tbp = 80 �C, i = 0.75 A�cm-2, RHch = 100%, leads to a reverse conclu-
sion. Indeed, the obtained liquid water distributions depend on
Fig. 14. Cathode GDL operating regime 3D diagram from MIPNM simulations (a = 20%): t
the wet GDL conditions. The blue circles corresponds to operating points for which the
whereas red stars correspond to operating conditions for which liquid water forms by co
the pore filling by liquid water results from both mechanisms. (For interpretation of the
this article.)
the heat transfer model assumptions. In the region located under
the channel, the consideration of both improvements leads to an
increase in the water saturation. This can be explained by the
fact that the region is colder both because of the higher conduc-
tivity due to the liquid water presence and the cooling effect due
to evaporation. The slightly lower temperatures in this region
favour the growth of liquid clusters. Conversely, in the region
under the rib where clusters are initially formed by condensa-
tion, the warming effect due to condensation contributes to
reduce the water saturation, see also [28]. It can be concluded
that the above-mentioned modifications have a non-negligible
impact and should be systematically incorporated in the mod-
elling of transfers in GDL under in-situ conditions.

Also, it can be noted that our model does not explicitly consider
the presence of a MPL. Regarding the experiments, a MPL was
present in the experiments discussed in Sections 3.1, 4.2 and 4.3
but not in the experiment discussed in Section 4.1. In this respect,
it would be interesting to consider explicitly the MPL in the
modelling.

The MIPNM as well as the LIPNM involves the input parameter
a (fraction of liquid injection pores at the GDL inlet). For the
moment, this is essentially a calibration/fitting parameter. It would
be interesting to develop experimental and/or numerical works
aiming at characterizing this parameter. One option to specify this
parameter and to study the influence of various factors (current
density, relative humidity, temperature. . .) on its value could be
to develop a much more comprehensive model coupling the pre-
sent model with models describing the transfers in the other layers
(MPL, CL, membrane, etc.).
6. Operating regime diagram

The concept of condensation diagram was introduced in [26] to
delineate the conditions leading to the formation of liquid water by
condensation when the GDL pore filling by liquid water is actually
due to condensation only (no liquid water injection at the inlet).
This diagram shows that two main cases can happen at the stan-
dard operating temperature (�80 �C). In the first case, the GDL
remains dry and all the produced water is transferred in vapour
phase. This regime is expected for a sufficiently low current density
he surface corresponds to the boundary between the dry GDL region conditions and
GDL pore filling by liquid water is due to liquid water injection at the inlet only
ndensation only. For the operating points below the surface in the wet GDL region,
references to color in this figure legend, the reader is referred to the web version of



and/or a sufficiently low relative humidity in the channel. In the
second case, condensation happens and some pores are filled with
liquid water in the region under the rib. This regime is expected for
a sufficiently high current density and/or a sufficiently high rela-
tive humidity in the channel.

An extension of this diagram is proposed in what follows so as
to take into account all the regimes identified using the new PNM
(MIPNM). To this end, simulations were performed for the follow-
ing conditions: Tbp between 30 �C and 90 �C, i between 0.25 A.cm-2

and 1.5 A.cm-2 and RHch between 0% and 100%. A total of 252 differ-
ent cases were computed.

This leads to the 3D operating regime diagram depicted in
Fig. 14. The surface plotted in Fig. 14 separates the operating
conditions corresponding to a dry GDL from the ones leading to
the presence of liquid water in the GDL. The operating points above
the surface correspond to a dry GDL. In the corresponding regime,
the water enters the GDL in vapour form and is transferred through
the GDL in vapour form up to the channel. The operating points
below the surface correspond to a GDL containing liquid water.
The lower is the temperature or the higher is the current density
or the higher is the channel relative humidity, the more likely liq-
uid water is present in the GDL. Depending on the conditions, liq-
uid water forms by condensation only, as a result of liquid injection
at the inlet only or as a result of both liquid injection at the GDL
inlet and condensation. In most wet cases, the two mechanisms
happen simultaneously. However, for some operating conditions,
only one of these two mechanisms is responsible for the liquid
water presence. These conditions are only met at the boundary
surface between the dry GDL region and the wet GDL region in
the diagram. The operating points for which the filling of pores
by liquid water is due to condensation only are marked by a red
star in Fig. 14. It can be seen that this only happens for a suffi-
ciently high temperature (from 70 �C to 90 �C), a not too high rel-
ative humidity (60–80%) and a sufficiently high current density
(1–1.5 A.cm-2). These operating conditions are close to the ones
considered by Straubhaar et al. [26] for the development of their
condensation pore network (CPNM). The presence of liquid water
due to liquid water injection only happens for a sufficiently low
temperature (from 30 �C to 50 �C), a low to high relative humidity
(from 0% to 80%) and low to high current densities (from 0.25 to
1.25 A.cm-2). For this regime, it can be noted that the model pre-
dicts that the liquid water injection points are mainly located in
the region of the GDL inlet under the rib whereas no water is
injected in liquid form at the inlet in the region below the
channels.

The liquid water formation conditions have a significant impact
on the liquid water distribution and on the liquid water saturation
level. The operating conditions corresponding to pure liquid injec-
tion regime or to the pure condensation regime lead to the smaller
amount of liquid water, with the liquid water located only in the
region under the rib. By contrast, the operating conditions corre-
sponding to the regime where the pore filling by liquid water
results from both condensation and liquid injection leads to higher
saturation levels with the presence of liquid water in every region
of the GDL, i.e. below the rib and below the channels.

In summary, the operating regime diagram identifies four
regimes, namely the dry regime, the dominant condensation
regime, the dominant liquid injection regime, the mixed regime
where both the capillarity controlled invasion in liquid phase from
the adjacent layer (MPL or CL) and condensation inside the GDL are
important.

7. Conclusions

We have studied the water transfer on the cathode side of a
PEM fuel cell from pore network simulations. To this end, we have
first developed a new PNM, referred to as the Mixed Injection Pore
Network Model (MIPNM), combining injection in liquid phase into
the GDL through a fraction of inlet pores and liquid phase change
phenomena (evaporation–condensation). This model reconciles
the previous PNMs since it is able to simulate both the situations
where liquid injection is an important feature and the situations
where pore filling by liquid water is only due to condensation.
The model is also able to simulate the conditions when gas in
the channel is fully humidified where both the liquid injection in
liquid phase and the condensation process must be taken into
account together.

Comparisons with liquid water distributions presented in the
literature are quite encouraging and indicate that the MIPNM is
able to simulate a quite large range of operating conditions.

This led to identify several operating regimes which can be
summarized in a diagram depending on the mean current density,
the operating temperature and the relative humidity in the chan-
nel. The four main regimes so identified are: a regime where the
GDL is fully dry and the water transfer in vapour phase only, a
regime where liquid water pore filling is due to water vapour con-
densation only, a regime where liquid water pore filling results
from injection in liquid phase at the GDL inlet only (this regime
is expected at low temperature only) and a mixed regime where
liquid water pore filling is due to both liquid injection at the inlet
and vapour condensation inside the GDL (especially in the rib
area).

This model can be extended in various directions. As in [27], it
would be interesting to couple it with the oxygen transport and the
electronic transfer. Also, coupling with the transfers in the other
layers, including the anode side, would be interesting in the pro-
spect of understanding in more depth the water transfers in PEM
fuel cells.
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Appendix A.

See Fig. A1.



Fig. A1. Flow chart of MIPNM algorithm.



Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.ijheatmasstransfer.
2018.10.004.
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