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A partially flooded gas diffusion layer (GDL) model is proposed and solved simultaneously with a stack
flow network model to estimate the operating conditions under which water flooding could be initiated
in a polymer electrolyte membrane (PEM) fuel cell stack. The models were applied to the cathode side of
a stack, which is more sensitive to the inception of GDL flooding and/or flow channel two-phase flow. The
model can predict the stack performance in terms of pressure, species concentrations, GDL flooding and

quality distributions in the flow fields as well as the geometrical specifications of the PEM fuel cell stack.

The simulation results have revealed that under certain operating conditions, the GDL is fully flooded
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1. Introduction

Polymer electrolyte membrane (PEM) fuel cells convert the
chemical energy of hydrogen and oxygen directly and efficiently
into electrical energy and are widely regarded as an alternative
power source for stationary co-generation units, automotive and
portable applications [1,2]. The main characteristics of PEM fuel
cells are classified as (a) those that produce water as a byprod-
uct; (b) those having higher efficiency when compared with heat
engines; (c) those that operate at low temperatures (up to 90°C)
allowing a fast start-up; and (d) those using a solid polymer as
the electrolyte, which reduces concerns related to construction,
transportation, and safety.

In a PEM fuel cell, hydrogen and oxygen react electrochemically
to water, producing electricity and heat. For the proper opera-
tion of a PEM fuel cell, both thermal and water management
are critical to prevent the fuel cell system from overheating and
performance deterioration [3]. If there is not enough water, the
membrane becomes dehydrated and its resistance to proton con-
duction increases sharply [4]. On the other hand, if too much water
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is present, flooding may occur, and the pores of the gas diffusion
layer, GDL, may be filled by liquid water, blocking the transport of
reactants to the reaction sites, resulting in a serious performance
drop, particularly at high current densities [5,6].

The problem of water management and transport in PEM fuel
cells has been the subject of several theoretical and experimental
studies. Bernardi [7] was the first to propose a one-dimensional
model in order to study water management and to identify the
humidification conditions which induce either the dehydration
of the membrane or excessive flooding. Some other models were
derived from the first principle, taking into account heat man-
agement [8], mass transport in the gas diffusion electrode [9], or
to introduce a different treatment of the electrochemical reaction
[10]. Bernardi et al. [11] and Springer et al. [12] also presented a
one-dimensional model to investigate the factors that limit cell per-
formance and to elucidate the mass transport mechanism within
the complex network of gas, liquid and solid phases constituting
the gas diffusion electrode. The molar changes along the gas flow
channels are taken into consideration. Shimpalee et al. [13] investi-
gated the performance of a 200-cm? PEM fuel cell with serpentine
flow fields at various gas flow path lengths in terms of distributions
in the local temperature, water content, and current density. They
concluded that the shorter path length gives more uniform cur-
rent density distribution and less condensed liquid water than the
longer path. Liu et al. [14] studied membrane hydration and elec-
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trode flooding by developing a 2D partial flooding model in which
size distributions are assigned for the hydrophobic and hydrophilic
pores of the GDL. The liquid water produced is considered to con-
dense in hydrophilic and hydrophobic pores in sequence if the
water vapor pressure is higher than the condensation pressure for
the pores. The model results, under a wide range of operating con-
ditions, have shown reasonable agreement with the experimental
data. Experimentally, two-phase flow and transport of reactants
and products in the cathode of a transparent PEM fuel cell were
studied by Tuber et al. [15]. Images of water formed inside the
cathode gas channels are presented to explain the phenomenon of
water flooding. Effects of air stoichiometry, temperature, air humid-
ity and different characteristics of diffusion layers are discussed.
Liu et al. [16] and Weng et al. [17] studied water flooding and two-
phase flow in cathode flow channels with different flow paths using
transparent PEM fuel cells. Their experimental results indicated
the significant effects of flow channel patterns and cathode gas
stoichiometry on water removal efficiency and cell performance.

Almost all of the research conducted to study flooding in PEM
fuel cells experimentally or theoretically, are limited to a single cell.
The goal of this research is to add to the knowledge base to produce
generic design guidelines for operating conditions and flow fields
that can be applied to PEM fuel cell stacks, consisting of a more
practical number of cells. It is assumed that the development of
these design techniques could be a useful tool for the improvement
of water management, and shed further light on its effect on fuel
cell stack performance. To this end, a partially flooded GDL model
is proposed and solved simultaneously with a stack flow network
model to estimate the design and operating conditions under which
water flooding could be initiated in a PEM fuel cell stack. The model
was applied to the cathode side of a stack, which is more sensitive
to the inception of GDL flooding and/or flow channel two-phase
flow. The model presented here is an extended version of a recent
model [18,19] which can predict the stack performance in terms of
pressure, species concentrations, GDL flooding, and quality distri-
butions in the flow fields as well as the geometrical specifications
of the PEM fuel cell stack.

2. Model formulation

A schematic diagram of a typical PEM fuel cell stack is shown
in Fig. 1. The individual cells, referred to as membrane electrode
assemblies (MEAs), are composed of a membrane electrolyte sand-
wiched in the middle of the cell, and typically contains catalyst
and microporous gas diffusion layers along with gaskets as a sin-
gle integrated unit. One of the gas diffusion layers is referred to
as the anode, the other as the cathode. The catalyst layer at the
anode separates hydrogen molecules into protons and electrons.
The membrane permits ion transfer (protons), requiring the elec-
trons to flow through an external circuit before recombining with
protons and oxygen at the cathode to form water. This migration of
electrons produces useful work.

In practice, oxygen, pure or in air, enters the cathode side of
the stack through the main inlet(s), travels along the inlet manifold
and is distributed into the flow channels or fields. From the flow
fields, O, diffuses through the GDL towards the cathode-membrane
interface where it is reduced to form water and heat which are
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Fig. 1. Schematic of a PEM fuel cell stack.

then removed from the system. Water can also be added to the
cathode side due to the electroosmotic drag and be transferred from
the cathode to the anode due to back diffusion. The simultaneous
water and oxygen transfer, in conjunction with significant pressure
variations in the cathode bipolar plate flow channels can lead to
situations where liquid water flood the GDL, partially or completely,
and even deposit on the flow fields. This phenomenon hinders the
0, transport to the reaction sites, and could stop fuel cell operation
if the extent of flooding is significant. The focus of the present work
is to develop a thermo-hydraulic model based on conservation laws
to predict the state of flooding in the stack. The mathematical model
consists of two parts; a stack flow model and a partially flooded GDL
model, which are explained as follows.

2.1. Stack flow model

The cross-section of a PEM fuel cell stack was shown in Fig. 1.
Fig. 2 illustrates, in greater detail, the structure of a typical cathode
bipolar plate with inlet and outlet manifolds and three flow chan-
nels arranged in a serpentine configuration. To model the extent
of GDL flooding and the possibility of two-phase flow distribution
in the stack, the complex oxidant flow paths consisting of the main
inlet(s), inlet and outlet manifolds and the gas flow channels can be
reduced into a graphical flow network as depicted in Fig. 3, where
each MEA is surrounded by the manifolds and the flow channels.
The top manifold supplies the oxidant stream to the flow channels
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Fig. 2. Illustration of a bipolar plate with serpentine flow field and three channels
per plate.
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and the unreacted oxygen, accompanied by water and nitrogen, exit
into the bottom manifold, collect and leave the stack.

The oxygen reduction starts at the beginning of the flow chan-
nels right after the oxygen, protons and electrons are brought into
contact in the catalytic layer. The reaction rates vary along the
flow channels as the species composition and pressure change. In
arecent study, Karimi et al. [18] employed a simplified control vol-
ume approach (six control volumes per cell in total) to predict the
average species concentrations throughout the fuel cell stack for
a wide variety of inlet-outlet topologies. In the present work, the
flow paths are divided into a larger number of control volumes in
the flow channels to capture, in greater detail, the variations in
the species concentrations, local pressures, and the possibility of
GDL flooding and/or two-phase flow inception in the flow fields.
The new network model consists of an arbitrary number of loops
(associated with each cell), with each loop comprised of M seg-
ments: two in the inlet and outlet manifolds, and (M — 2/2) in each
flow channel. The interfaces at which any two segments meet are
represented by nodes (e) as illustrated in Fig. 3. Within each con-
trol volume it is assumed that the pressure and compositions are
uniform. Mass transfers due to electrochemical reactions are con-
sidered to take place uniformly along the flow channels, resulting
in uniform current distribution.

Main Inlet Line(s): Oz, N2, H20 (Vapor)

| | |
New2 Nea=1 N

Bottom
Manifold

1
Qutlet: Oz, N2, H20 (Vapor), HzO(Liquid)

Fig. 3. Graphical representation of the stack flow network model.
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The total molar flow rate of O, entering the cathode side of the
stack can be determined by

SCNcell]Acell

ystack _
N02 - 4F

(1
where S is the cathode stoichiometry, N is the total number of
fuel cells in the stack, J is the current density and A is the active
area of a unit cell, respectively. Total inlet molar flow rate can be
calculated by adding nitrogen and water vapor to the oxygen molar
flow rate. The maximum amount of water vapor coming into the
cathode corresponds to 100% relative humidity.

The distribution of incoming components in the stack is gov-
erned by the conservation laws. The local species concentrations
are calculated based on the amount of water produced electro-
chemically, and the amount that is transferred by diffusion and
electroosmotic drag in the catalytic layer. This will be discussed
in the next section. In order to satisfy the conservation of energy,
the sum of pressure changes around each of the loops, i, should be

#31

Fig. 5. Spatial variations of operating parameters in the cathode side of a PEM fuel cell stack (a) Reynolds number, (b) Pressure, (c) GDL flooding €, and (d) mixture quality x.
The flow channels shown on the right represent the distribution of parameters in the central bipolar plate (#16) in the stack shown on the left. (J = 5000Am~2, T = 353K,

Poye = 1atm, RH;,=80%).
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Fig. 6. Effect of level of air humidification on the GDL flooding € and the resulting mixture quality x in the bipolar flow channels (J = 5000 Am~2, T = 353K, Py = 1 atm).
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where 6;; is a sign convention representing the direction of flow
in the segment j of loop i. 6;; is considered to be +1 when fluid
flows in a clockwise direction and —1 if the direction is reversed.
The frictional pressure drop in a segment j of the loop i can be
calculated from

2
l,"j pi,j ViJ
Dh,i,j 2

APy j=Cij 3

where [; j and Dy, ; j are the segment (or control volume) length and
hydraulic diameter, p;  is the fluid average density, and V; ; is the

average velocity in the segment j of the loop i. The friction coeffi-
cient, Cy; ;, is a function of the Reynolds number defined based on
the hydraulic diameter

Re; . — PiiViiDhij )
LJ
Mij

The physical properties p and @ are calculated depending on
whether single- or two-phase flow prevails in the flow channels.
For two-phase flow in mm-sized flow channels, Pehlivan et al. [20]
showed experimentally that the conventional homogeneous model
can be used to predict two-phase pressure drops reasonably well.
It is also to be noted that at high mixture qualities, the liquid vol-
ume fractions in the flow fields are extremely small, so the error
associated with the homogeneous model should be minimal. The
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Table 1
Parameters and properties used in the present PEM fuel cell stack model.
Component Parameter Value
Bipolar plate w 0.15m
H 0.15m
1 1.8m
dy, 1mm
Dy, 10 mm
Ne 6
Stack Neelis 31
Nin]ets 2 (#], #31)
Noutlet 1 (#]6)
T 353K
[Pt 1-2atm
RHin 50-100%
J 1000-10000A m~—2
Se 2.0
A 04
GDL ScpL 250 wm
dcpL 40%

two-phase physical properties are calculated from:

-G () (e ()

where x is the mixture quality defined as the mass fraction of gas
in the flow fields:

m

X = 76

Myotal

(6)

Subscripts TP, G, and L denote “two-phase”, “gas” and “liquid”,
respectively.

2.2. Partially flooded GDL model

Fig. 4 illustrates different mechanisms for water transport
through a segment of the cathode side in a PEM fuel cell stack.
The network of mass transfer resistances and potentials are also
included in this figure. The partially flooded GDL model presented
here is based on the following assumptions: (1) Oxygen reduction
occurs in the catalytic layer with negligible thickness, hence, the
cathode flooding, if any, starts at the interface of the catalytic layer
and grows inside the GDL towards the flow fields. (2) The hampering
of O, diffusion through the cell results in increased overpotentials.
(3) The combined electroosmotic drag and back diffusion effects are
considered to be uniform along the catalytic layer. The net effect is
determined by considering that the gas stream leaving the anode
outlet is fully humidified. (4) The GDL pore structure is considered
to be uniform throughout the cell. If GDL is fully flooded, the extra
water enters the flow channels. The liquid water moves along with
the gas stream uniformly and its volume is negligible. (5) The stack
operates at constant temperature. With these assumptions in place,
the extent of GDL flooding is governed by the balance of water gen-
eration, the net water transport due to the electroosmotic drag and
back diffusion, and the rate at which water is removed by the cath-
ode gas. The maximum possible water transfer through the GDL
can be represented by

sat
N/ = Cw - Cw,b (7)
Max — L + 1
Ds\ff_g hw,b

where C33t is the water saturation concentration at the cell oper-
ating temperature, Gy, is the local bulk concentration in the flow
channel, L is the GDL thickness, D, is the effective diffusivity
for water vapor transfer through the GDL, and h,}, is the local
mass transfer coefficient. h,y, can be estimated by considering mass
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Fig. 7. Effect of inlet air humidification on the minimum x in bipolar flow channels
(J =5000Am~2, T = 353K, Poyc = 1atm).

transferin a fully developed laminar flow through a three-sided adi-
abatic square duct with constant mass flux applied at one surface
and no-flux applied at the others [21]:

hw th
: =27 8
P 8)

Now, if the rate of water production at the catalytic layer-GDL inter-
face is less than or equal to N]’\’,[ax, water can be easily removed from
the system, otherwise the GDL will be flooded with extra water in
liquid form. Under steady-state conditions the local fraction of the
flooded GDL, €, can be estimated as

Sh =

CR —Cpp 1

N
N H,0 hyp

Deff (9)

L
€= T where Li=L— W—g

where L is the thickness of the flooded GDL. N]’_’lzo can be calculated
from:

Nu,0

N0 = Acy and  Ny,0 = Ngen + Ngo — Npp (10)
Net interaction with anode

where

o JAcv

Neen =55 (11)

where Acy is the control volume surface area available for mass
transfer.

Eq. (9) can be solved in conjunction with the recently developed
flow network solution algorithm [18,19] to obtain the distribution
in the extent of water flooding in the GDL under a variety of geo-
metrical and operating conditions.

3. Numerical procedure

The flow network solution algorithm adopted in this work is
based on the modified Hardy Cross method that has recently been
reported [18]. Numerical solution begins with assigning a tempo-
rary flow direction to the flow network. The sum of the molar flow
rates from all the inlets (with known compositions) is then divided
uniformly among the gas flow channels. The molar flow rates and
compositions in the downstream sections of the flow channels are
calculated by subtracting the consumed reactants and adding the
produced or transported components. Water transport through the
membrane due to the combined effects of electroosmotic drag and
backdiffusionis also considered. The conservation of mole equation
is used to calculate the molar flow rates in the inlet and outlet man-
ifolds based on the predefined directions and the assumed molar
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flow rates in the flow channels. To satisfy the conservation of energy
equation, the pressure drop is calculated for each segment based
on the local mixture quality and appropriate pressure drop equa-
tions. The procedure is repeated until correct flow directions and
molar flow rates are obtained for the whole flow network. The local
species concentrations are used in Eq. (9) to calculate the fraction
of GDL that is flooded with liquid water, €. If GDL is fully flooded at
some point along the flow fields, the extra water is added into the
cathode stream, changing the local quality, x, and hence the result-
ing pressure drop is calculated based on two-phase flow properties
defined in Eq. (5).

4. Results and discussion

The input parameters for the fuel cell and stack flow model
are classified as operating and design parameters. The design
parameters are the fuel cell size, stack manifold and flow channel
dimensions and configuration. Operating parameters include the
stack current density, temperature, pressure, stoichiometry and the
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reactant composition at the stack inlet. Table 1 lists a summary of
the operating and relevant design parameters used in the present
study for the cathode side of the PEM fuel cell stack.

The stack is considered to be composed of 31 cells, with two oxi-
dant inlets at the endpoints of the inlet manifold (#1 and #31) and
one outlet at the middle of the exit manifold (#16). This symmet-
ric double-inlet-single-outlet configuration was shown to be the
most effective scheme with minimal cell-to-cell voltage variations
and parasitic losses [18]. Humidified air at different pressures and
water contents was injected into the stack.

Fig. 5a-d shows variations in different operating parameters
in the cathode side of a fuel cell stack at a current density of
5000 Am~2. The figures on the left side display an overall view of
the stack consisting of the inlet and outlet manifolds and the flow
channels. The figures on the right side show details of the oper-

ating parameters inside the central bipolar plate (#16) with three

serpentine flow channels. Fig. 5a shows the variation of Re number
in the manifolds and across the flow channels. The Reynolds num-
ber decreases along the inlet manifold from the endpoints towards
the middle channels as the reactants are delivered to the flow chan-
nels. The flow division is almost uniform due to the large pressure
drop in the flow channels compared with that of the inlet manifold,
resulting in a linear reduction in the Reynolds number. This phe-
nomenon is repeated for the outlet manifold as the unreacted O,
N, and H, O are collected and leave the stack. Inside the flow chan-
nels, Re number varies as the local velocity, density and viscosity
change. However, the flow remains in the laminar region.

Pressure distribution in the stack is illustrated in Fig. 5b. There
are two factors contributing to the pressure variation along the
flow path in the stack. First, the total molar flow rate is increased
along the flow channels because two moles of H, O are produced for
every mole of O, consumed in the catalytic layer; this will increase
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the local pressure. Second, pressure along the channels is reduced
due to friction. At constant current density, water concentration is
increased along the flow channels. This increases the possibility of
water flooding in the GDL and even condensation of water vapor
inside the flow channels. The latter could initiate two-phase flow in
the lower parts of the stack. This is evident from Fig. 5c and d where
the percentage of flooded GDL, €, and mixture quality, x, along the
flow channels are depicted. As expected, the GDL must be com-
pletely flooded before the mixture qualities start to decrease from
1 (single-phase) to lower values (e.g. 0.97), for which the onset of
two-phase flow in lower parts of the stack could be initiated. How-
ever, the resulting quality distributions in Fig. 5d are insufficient to
incept a major two-phase flow in the stack. This is due to very large
liquid-to-gas density ratio, which leads to gas fractions of greater
than 99% in the flow channels.

Fig. 6a-f illustrates the effect of the level of air humidification
on the GDL flooding and the resulting mixture quality in the bipolar
flow channels. As seen from these figures, as the inlet air rela-
tive humidity, RH;j,, is increased, a larger portion of the GDL will
be flooded and lower qualities are observed in the flow channels.
Although the extent of GDL flooding does have a significant effect
on the mass transfer overpotential, the lower x values may not be
important as pointed out earlier.

It is quite useful to estimate the minimum quality, X, Which
prevails in the bipolar flow channels and how the inlet air humidity,
stack pressure and current density affect this value. In fact, X, is
a direct indication of the extent of GDL flooding because the GDL
must be completely flooded before the x values drop below one.
Fig. 7 indicates the effect of RH;, on the x,;, in the flow channels.
As seen from this figure, portions of GDL start to flood if the RH;j,
exceeds 68%. The flooded regions grow as RH;, increases and GDL
is fully flooded when RH;, = 73%. Numerical results showed that
at inlet relative humidities of 70% and 72%, GDL was flooded by 5%
and 92%, respectively. At larger RH;, values, the extra water per-
meates through the flow channels and results in lower x values.
The minimum x observed for this case was about 90% when a fully
humidified air enters the stack.

The effect of the stack pressure on the GDL flooding and the
resulting quality in the bipolar flow channels are shown in Fig. 8a—f.
As indicated, by increasing the stack pressure, the partial pressure
of the produced water is augmented and water tends to condensate
in the GDL pores. As a result, the quality of the gas flow is also
decreased. Fig. 9 indicates that the stack operating pressure has a
more noticeable effect on GDL flooding than the inlet air humidity.
As shown in this figure, increasing the stack outlet pressure from
1 atm to 2 atm will result in a minimum x value of about 84%.

Fig. 10 a—fillustrates the effect of the stack current density on the
GDL flooding and the resulting quality in the bipolar flow channels.
By increasing the stack operating current density, a larger amount
of oxidant stream needs to flow in the bipolar flow fields, resulting
in significantly low pressures, particularly in the vicinity of the flow
channel exits. The lower pressures there enhance water transport
through the GDL, reducing the extent of flooding. The quality in the
flow channels are also affected. Figs. 10 and 11 indicate that the
possibility of GDL flooding and the inception of two-phase flow in
the flow fields is reduced at high stack current densities.

The numerical results shown in Figs. 5-11 indicate the GDL in
the cathode side of the PEM fuel cell stack can easily be flooded
and the quality of gas flow in the flow fields could decrease from
one. Although GDL flooding and the inception of two phase flow are
among the common issues in PEM fuel cells and have been reported
in numerous papers, the extent of these issues are alleviated by the
heat of the reaction which is released during the oxygen reduction
at the catalyst layer, and by significant reduction in the O, diffusion
through the GDL. Also, as pointed out earlier, a minimum x value of
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Fig. 11. Effect of operating current density on the minimum x in bipolar flow chan-
nels (T = 353K, Poyc = 1atm, RH;,=80%).

about 84%, can not be responsible for the inception of two-phase
flow in the system. Because the corresponding void fraction is esti-
mated to be very close to 1 (e.g. 99.9%) for the worst case scenario
reported here.

5. Conclusions

Water management is one of the most critical issues for high-
performance polymer electrolyte membrane (PEM) fuel cells. A
partially flooded GDL model is proposed and used in conjunction
with a cathode flow network model to predict the conditions under
which the GDL could be flooded in a PEM fuel cell stack. Effects
of current density, operating pressure, and level of inlet humidity
on GDL flooding are studied. The simulation results have revealed
that although under certain operating conditions the GDL is fully
flooded, and water can be liquified in parts of the stack flow fields,
the amount of the liquified water in the stack is not significant
enough to cause a major pressure drop or an appreciable change
in the species concentrations.
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