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ABSTRACT
A pore-network model is developed to study numerically the

transient flow of fluid through the gas diffusion layer (GDL) of
the PEM fuel cell. It is shown that the agglomeration of water
droplet on the interface of the GDL and catalyst layer occurs
faster for the samples with smaller pore diameters and lower
contents of the hydrophobic agent. The study suggests that anal-
ysis of the temporal response of the GDL is a useful tool to eval-
uate its performance against transporting liquids.

NOMENCLATURE
l Throat length.
i Current density, A/cm2.
t∗ Dimensionless time.
z∗ Dimensionless distance.
V Cell voltage.
Eoc Open circuit voltage.
Ca Capillary number, µV/γ .
M Mobility ratio, M1/M2.
f Hydrophilic fraction.
θc Average contact angle.
θHI Hydrophilic contact angle.
θHO Hydrophobic contact angle.
davg Average pore diameter.

∗Address all correspondence to this author.

INTRODUCTION

The agglomeration of liquid water on the interface of the
catalyst layer (CL) and the gas diffusion layer (GDL) limits the
efficiency of the proton exchange membrane (PEM) fuel cells.
Especially, when the cell is working at high current densities,
the rate of water production exceeds the rate at which water is
removed from the CL. Several studies have been conducted to
address the flooding phenomenon both experimentally and nu-
merically [1-7]. In-situ measurements mostly consider the ef-
fects of GDL characteristics on the total efficiency of the cell
[7-9]; while ex-situ visualization of liquid water motion inside
the GDL helps to understand the details of phenomena underly-
ing in flooding [2]. The ex-situ modeling deals with correlating
the characteristics of liquid water flow inside the GDL, i.e. the
saturation level and capillary pressure, to the performance of the
porous material in transporting the liquid phase from the catalyst
layer to the gas channel [10-17]. It is well established in the lit-
erature that the performance of the GDL is enhanced by adding
a microporous layer to the GDL [13, 18], treating the GDL with
a hydrophobic agent, and using a GDL with a larger pore size
distribution [14-16, 19].

Recently, Park and Popov [19] proposed an analytical ex-
pression for studying the effect of the hydrophobic and struc-
tural properties of the cathode gas diffusion layer on mass trans-
port in the PEM fuel cell. Their model suggests that GDLs with
the largest average pore diameter and lowest hydrophilic fraction
achieve highest current density. Since adding the hydrophobic
agent reduces the average pore diameter [19], the two variables
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(i.e., the average pore diameter and hydrophilic fraction) are cor-
related to obtain the optimum values for these variables. They
provided the saturation profiles across the GDL for various pairs
of the average pore diameter and fraction of hydrophilic surface
at the steady state condition. This motivated us to develop a pore-
network model to investigate the transient response and details of
water motion inside the GDL with different pore-size distribu-
tions and hydrophilic fractions. Using the model, the evolution
of saturation profile versus time is obtained and analyzed.

NUMERICAL MODEL
The porous medium of the gas diffusion layer (GDL) is rep-

resented by a regular network of pores interconnected via throats.
The geometric specifications of the network are determined with
respect to porosimetry data available for E-TEK carbon paper
[19].To study the effect of the variation of the pore diameter on
the water motion pattern, three different average pore diameters
of davg = 2,4 and 6µm are considered. The diameters of the
pores are uniformly distributed in the network within 5% of the
average pore diameter. Throats are considered as small capillary
tubes along which the pores are connected together. The diame-
ter of the throat which determines the conductance of the flow is
considered as half of the average pore diameter (dthroat = davg/2).
The length of the throat is assumed to be constant in the regular
network (l = 20µm). The characteristics of the network are pre-
sented in Table 1.

TABLE 1. PARAMETERS OF PORE-NETWORK.

Parameter Value Parameter Value

Pore Diameter 2,4,6µm Throat Diameter 1,2,3µm

Coordination Number 6 Throat Length 20µm

Mesh Size 20×20×20 Hydrophilic Fraction 0.4, 0.5, 0.6

Surface Tension (σ ) 0.0635J/m2 Current Density 1.0A/cm2

Hydrophilic CA 50◦−80◦ Hydrophobic CA 100◦−125◦

Air Viscosity 1.95×10−5Pas Water Viscosity 5×10−4Pas

The carbon graphite (i.e., the basic material from which the
GDL is fabricated) is considered as a hydrophilic material with
contact angle values ranging from 50◦ to 80◦ [20, 21]. To en-
hance the water removal property of the GDL, it is treated with a
hydrophobic agent such as polytetrafluroethylene (PTFE) which
has contact angle values between 100◦ and 125◦ [20, 21]. How-
ever, in practice it is not possible to cover all the pores of the
GDL with PTFE. The fraction of untreated pores is denoted by

f . The average contact angle of the GDL sample is calculated
with respect to this fraction as suggested by [22]

θc = cos−1[ f cosθHI +(1− f )cosθHO] (1)

where θHI is the contact angle of the hydrophilic material
(carbon graphite), and θHO is the contact angle of the hydropho-
bic agent (PTFE). The pore network developed for the E-TEK
carbon cloth is initially considered as completely hydrophilic by
assigning a contact angle value in the range of 50◦ to 80◦ for all
of the pores. The contact angle of the (1− f ) fraction of the pores
is then randomly modified to a number between 100◦ to 125◦.

Displacing algorithm
For displacing water inside the network, the following as-

sumptions are made:

1. The fluids (water and air) are immiscible and water is con-
sidered to be incompressible.

2. Each pore can contain both fluids (water or air), but the
throats can only pass one fluid in each time step.

3. The volume of the throat is considered to be zero. So, both
fluids are assumed to be resided in the pores.

4. The pressure drop occurs at the throats and the flow rate in
each throat is calculated based on Poiseuille law.

The algorithm for displacing fluids in the network is work-
ing based on effective pressures. For each fluid, in every pore,
six effective pressures are defined. Each of the pressures is as-
sociated with six throats connected to that pore. This pressure
is acting as the main driving force for the fluid to move through
the network. The effective pressure is composed of two terms:
the capillary pressure and a pressure correction term. The cap-
illary pressure, Pc, is defined as the pressure difference between
the two existing phases in the porous medium (liquid phase, Pl
and gas phase, Pg):

Pc = Pg−Pl (2)

In this study, the gauge pressure of the air is assumed to be
zero. So the pressure of the liquid water can be considered as
the capillary pressure of the system (Pc = −Pl). The capillary
pressure obeys the Laplace equation, and thus is evaluated from

Pc =
2σ cosθ

r
(3)
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where, σ is the interfacial tension of the corresponding fluid,
θ is the contact angle between the fluid and the medium, and r is
the radius of the corresponding throat. Six capillary pressures of
a pore are generally different from each other since the radii of
the throats are different. However, the pressure correction term is
unique for each pore. This term is proportional to the saturation
of the corresponding phase in the pore and also the bulk pressure
(or the pressure of the fluid reservoir):

Pcorr ∝ S.Pbulk (4)

Since the effective pressures are defined for each pore, ev-
ery throat would have two effective pressures at its two ends.
The flow rate inside the throat is calculated with respect to these
effective pressures following the Poiseuille law

∆P =
128µLQ

πd4 (5)

Boundary conditions
It is assumed that the rate at which water is produced at the

catalyst layer is constant. Thus, a constant flow rate is consid-
ered as the boundary condition in this model. In each time step,
based on the effective pressures, a flow rate is calculated for ev-
ery throat. The total flow rate in the system is the summation of
the flow rate for each throat. In order to conserve the total mass
in each time step, the total flow rate should be equal to the in-
jection rate for each phase. If the total flow rate is less than the
boundary condition, the bulk pressure increases to increase the
flow rate. Thus, in each time step, the algorithm seeks and finds
the proper bulk pressure to comply with the general conservation
of mass which involves solving a series of nonlinear equations.
For the imbibition process, in which a wetting fluid invades a
nonwetting fluid in the medium, the capillary pressure helps the
invading fluid. Thus, the bulk pressure is adjusting itself in order
to control the rate of penetration. In this case, the bulk pressure
values are usually small and sometimes negative. In contrast, for
the drainage process, since the capillary pressure acts as a resis-
tive force in the system, the bulk pressure increases to increase
the effective pressure. Local mass conservation is also consid-
ered by adopting the following equation for the volume of the
liquid water in each pores:

dVl

dt
+ΣiQi = 0 (6)

Then, the saturation for each pore is evaluated using the vol-
ume of the liquid and total volume of the pore:

S =
Vl

Vp
(7)

Thus, in each time step, the bulk pressure is modified with
respect to the inlet injection rate. Then, the effective pressures
are calculated and the flow rate associated with each throat is
evaluated. With respect to these flow rates, the saturation of each
pore is updated using the equations 6 and 7. The model adopted
in this study does not search for the most likely pore to be filled in
the next time step. The criteria for invading a pore are determined
with respect to the effective pressure of that pore and its adjacent
pore. This would ensure a more realistic approach since in reality
several pores could be invaded simultaneously depending on the
Ca number. As for the lateral boundary conditions, the throats
on the sides of the mesh are assumed to be dead-ended. The
breakthrough condition is defined as when the average saturation
of the last layer of the GDL reaches to %f , i.e. for the sample
with f = 0.6, when the saturation of the last layer reaches to
%60, the condition of breakthrough is achieved [19].

RESULTS AND DISCUSSION
The pore-network model is developed for E-TEK GDLs

(carbon type A). The thickness of the single layer GDL is 400µm
and the macroporous substrate (MPS) of the GDL with the aver-
age pore diameter of 2 < davg < 6µm is considered in the simu-
lation.

Effect of pore size distribution
Park and Popov [19] showed that increasing the average pore

diameter of the macroporous substrate has no significant effect
on the cell potential at low current densities. However, as the
current density increases, the performance of the cell will be bet-
ter for the MPS with a larger pore diameter (considering that the
PTFE loading has no effect on the pore size distribution). This
is primarily due to the higher level of saturation for the sample
with a smaller pore diameter.

In this work, the evolution of the saturation profile with time
for three different pore diameters is presented. The results are
presented in terms of dimensionless parameters including t∗ and
z∗ which are dimensionless time and distance from the catalyst
layer, i.e. t∗ = 1 corresponds to the breakthrough condition and
z∗ = 1 is the interface of the GDL and gas channel. For the small-
est pore diameter (d = 2µm), the water penetrates into the GDL
and reaches to the gas channel more rapidly (Figure 1), while for
the larger pore diameters (d = 4,6µm), more time is required for
water to occupy the same position (compare t∗ = 0.75 in Figures
1, 2 and 3). This might be interpreted as desirable factor since
if water droplets penetrate and reach to the gas channel faster,
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FIGURE 1. EVOLUTION OF SATURATION PROFILES WITH
TIME (davg = 2µm).

FIGURE 2. EVOLUTION OF SATURATION PROFILES WITH
TIME (davg = 4µm).

they have more time for evaporation, and hence more liquid wa-
ter would be removed from this interface. However, it appears
that the saturation level at the catalyst layer at a particular time
and the total saturation level are more important. For instance,
consider the saturation level for t∗ = 0.1 at z∗ = 0. The satu-

FIGURE 3. EVOLUTION OF SATURATION PROFILES WITH
TIME (davg = 6µm).

FIGURE 4. SATURATION PROFILES AT TIME OF BREAK-
THROUGH.

ration level is higher for d = 2µm indicating that liquid water
covers the active area on the catalyst layer faster than the other
cases. As the process progresses, liquid water distributes inside
the sample quite uniformly for the smallest pore size. At the end
of the process where the condition of breakthrough is achieved,
the saturation level for the smallest pore size is higher in the ma-
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FIGURE 5. SATURATION PATTERN ( f = 0.4).

jority sections of the GDL (Figure 4).

Effect of hydrophilic fraction
It is now a well-established fact that the GDL should be

loaded with an optimum value of PTFE. Thus, a higher PTFE
loading not necessarily leads to better water removal from the
catalyst layer [14]. Using a 1D analytical model, Park and Popov
[19] argued that this is due to reduction in the pore size distri-
bution. As a result, they obtained the optimum pore size and
hydrophilic fraction for the sample under study.

Chapuis et al. [10] also studied the effect of the contact angle
on the evolution of the invasion pattern at the breakthrough con-
dition using an invasion percolation model. They reported that
the final configuration of the water inside the fibrous medium
is getting closer to the stable displacement as the contact angle
increases. Figures 5, 6 and 7 shows the liquid water pattern in
the GDL at the breakthrough condition for three different hy-
drophilic fractions. For the lower hydrophilic fraction, the dis-
tribution followed the capillary fingering pattern (the existence
of different independent highly-saturated regions supports this
fact). As the hydrophilic content increases, water likes to form
a more uniform configuration. For the case where f = 0.6, only
three different independent regions of highly-saturated areas are
distinguishable. In addition, the concentration of the liquid wa-
ter near the catalyst layer is more significant for the sample with
more hydrophilic contents (Figure 7).

Figures 8, 9 and 10 presents the evolution of the saturation
distribution with time for different hydrophilic fractions. The ag-
glomeration of liquid water occurs more rapidly on the surface of

FIGURE 6. SATURATION PATTERN ( f = 0.5)

FIGURE 7. SATURATION PATTERN ( f = 0.6)

the catalyst layer for the sample with a higher hydrophilic frac-
tion (compare t∗ = 0.1 for f = 0.4,0.5 and 0.6). The oxygen
transport is restricted at this region by the liquid water existing
within the pores, which limits the current. In addition, at the time
of breakthrough, the overall level of saturation across the GDL
increases for higher f , as shown in Figure 11.

The saturation distribution obtained from the simulation is
used with the analytical model proposed by Park and Popov [19]
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FIGURE 8. EVOLUTION OF SATURATION PROFILES WITH
TIME ( f = 0.4).

FIGURE 9. EVOLUTION OF SATURATION PROFILES WITH
TIME ( f = 0.5).

to obtain the output voltage of the cell. Figure 12 compares the
normalized cell voltage versus davg and the hydrophilic fraction
f at i = 1A/cm2 . The maximum voltage is obtained where the
GDL has the minimum hydrophilic fraction. As f increases, the
voltage starts dropping. The performance of the GDL with a
smaller pore diameter is worst compared to two larger diame-

FIGURE 10. EVOLUTION OF SATURATION PROFILES WITH
TIME ( f = 0.6).

FIGURE 11. SATURATION PROFILES AT TIME OF BREAK-
THROUGH.

ter cases (d = 4 and 6µm). For a constant hydrophilic fraction
( f = 0.6), the cell potential drops drastically as the average pore
diameter becomes smaller. The figure suggests that the pore size
distribution is a more important parameter than the hydrophilic
fraction.
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FIGURE 12. SATURATION PROFILES AT THE BREAK-
THROUGH CONDITION.

CONCLUSION
In this work, transient response of the GDLs with different

hydrophobic and structural properties investigated using a nu-
merical model. Previous studies [15, 19] argued that the cell
overpotential depends on the average liquid saturation inside the
GDL at the steady-state condition. The numerical model pre-
sented here reproduced the saturation profiles at different time
steps and showed that agglomeration of water droplets at the
surface of the catalyst layer (CL) occurs faster for a GDL with
a smaller pore size and a lower content of the hydrophobic
agent. This transient analysis of the water flow inside the porous
medium can be used as a tool to evaluate the performance of the
medium in transporting liquid from the catalyst layer to the gas
channel.
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