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Abstract

PEM fuel cell stack assembly process, including clamping pressure, material properties of each
component, design (component thickness and cell active area), and number of cells in the stack are
important factors influencing the performance and durability of the PEM fuel cell stack. Furthermore,
when temperature and relative humidity increase during operation, the membrane absorbs water and
swells. Since the relative position between the top and bottom end plates is fixed, the polymer membrane
is spatially confined. Thus the GDL will be further compressed under the land and the intrusion into
channel becomes more significant. Assembly pressure, contact resistance, membrane swelling and
operating conditions, etc., combine to yield an optimum assembly pressure. The clamping pressure is
therefore a critical parameter for optimal fuel cell performance and durability. Too high, too low, or
inhomogeneous compressions have negative effects on the performance and durability of the stack. In
this study, full three-dimensional, non-isothermal computational fluid dynamics (CFD) detailed model of
a PEM fuel cell stack has been developed and coupled with a solid mechanics model to simulate the
stress distribution inside the stack, which are occurring during fuel cell assembly (bolt assembling), and
membrane swelling and cell materials expansion during fuel cell running due to the changes of
temperature and relative humidity. The PEM fuel cell stack model simulated includes the following all
components in full details; two end-plates, two current plates, two bi-polar plates with straight flow
channels for reactants and cooling serpentine water flow channel on the upper face of cathode bi-polar
plate, two GDLs, two gaskets, and, an MEA (membrane plus two CLs). The model is shown to be able to
understand the many interacting, complex electrochemical, transport phenomena, with stress distribution
inside the stack during operation on the performance and durability of the stack that have limited
experimental data. Furthermore, the model is shown to be able to provide a computer-aided tool for
design and optimize future fuel cell stack with much higher power density, long stack life, and lower
cost.
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1. Introduction

1.1. Durability

Durability is one of the most critical remaining issues impeding successful commercialization of broad
PEM fuel cell stationary and transportation energy applications, and the durability of fuel cell stack
components remains, in most cases, insufficiently understood [ 1-4]. Lengthy required testing times, lack
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of understanding of most degradation mechanisms, and the difficulty of performing in-situ, non-
destructive structural evaluation of key components makes the topic a difficult one [5, 6].

The Membrane-Electrode-Assembly (MEA) is the core component of PEM fuel cell and consists of
membrane with the catalyst layers (CL) attached to each side. The fuel cell MEA durability plays a vital
role in the overall lifetime achieved by a stack in field applications. Within the MEA’s electrocatalyst
layers are three critical interfaces that must remain properly intermingled for optimum MEA
performance: platinum/carbon interface (for electron transport and catalyst support); platinum/Nafion
interface (for proton transport); and Nafion/carbon interface (for high-activity catalyst dispersion and
structural integrity). The MEA performance shows degradation over operating time, which is dependent
upon materials, fabrication and operating conditions [7, 8].

Durability is a complicated phenomenon; linked to the chemical and mechanical interactions of the fuel
cell stack components, i.e. electro-catalysts, membranes, gas diffusion layers, bipolar plates, and end
plates, under severe environmental conditions, such as elevated temperature and low humidity [9]. In fuel
cell systems, failure may occur in several ways such as chemical degradation of the ionomer membrane
or mechanical failure in the PEM that results in gradual reduction of ionic conductivity, increase in the
total cell resistance, and the reduction of voltage and loss of output power [9]. Mechanical degradation is
often the cause of early life failures. Mechanical damage in the PEM can appear as through-the-thickness
flaws or pinholes in the membrane, or delaminating between the polymer membrane and gas diffusion
layers [1-9].

Mechanical stresses which limit MEA durability have two origins. Firstly, this is the stresses arising
during fuel cell assembly (bolt assembling). The bolts provide the tightness and the electrical
conductivity between the contact elements. Secondly, additional mechanical stresses occur during fuel
cell running because PEM fuel cell components have different thermal expansion and swelling
coefficients. Thermal and humidity gradients in the fuel cell produce dilatations obstructed by tightening
of the screw-bolts. Compressive stress increasing with the hygro-thermal loading can exceed the yield
strength which causes the plastic deformation. The mechanical behavior of the membrane depends
strongly on hydration and temperature [1].

Water management is one of the critical operation issues in PEM fuel cells to maintain optimum water
levels inside it. Spatially varying concentrations of water in both vapour and liquid form are expected
throughout the cell because of varying rates of production and transport. These variations in water
concentrations introduce a mechanical stresses in membrane caused by swelling/shrinking. Furthermore,
high temperature and internal water flows (electroosmotic and back diffusion) can cause hot spots and
local dehydration; which means that without enough water in the membrane the conductivity decays.
Therefore, operation must consider appropriate measures to balance water content within the fuel cell to
reduce the risk of mechanical failure and durability, consequently [2-4].

Thermal management is also required to remove the heat produced by the electrochemical reaction in
order to prevent drying out of the membrane, which in turn can result not only in reduced performance
but also in eventual rupture of the membrane [1-5]. Thermal management is also essential for the control
of the water evaporation or condensation rates. As a result of in the changes in temperature and moisture,
the PEM, gas diffusion layers (GDL), and bipolar plates will all experience expansion and contraction.
Because of the different thermal expansion and swelling coefficients between these materials, hygro-
thermal stresses are expected to be introduced into the unit cell during operation. In addition, the non-
uniform current and reactant flow distributions in the cell can result in non-uniform temperature and
moisture content of the cell, which could in turn, potentially causing localized increases in the stress
magnitudes.

The need for improved lifetime of PEM fuel cells necessitates that the failure mechanisms be clearly
understood and life prediction models be developed, so that new designs can be introduced to improve
long-term performance. Increasing of the durability is a significant challenge for the development of fuel
cell technology.

1.2. PEM fuel cell stack assembly

The stacking design and cell assembly parameters significantly affect the performance of fuel cells [10].
Adequate contact pressure is needed to hold together the fuel cell stack components to prevent leaking of
the reactants, and minimize the contact resistance between layers. The required clamping force is equal
to the force required to compress the fuel cell layers adequately while not impeding flow. The assembly
pressure affects the characteristics of the contact interfaces between components. If inadequate or
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nonuniform assembly pressure is used, there will be stack-sealing problems, such as fuel leakage,
internal combustion, and unacceptable contact resistance. Too much pressure may impede flow through
the GDL, or damage the MEA, resulting in a broken porous structure and a blockage of the gas diffusion
passage. In both cases, the clamping pressure can decrease the cell performance. Every stack has a
unique assembly pressure due to differences in fuel cell materials and stack design. Due to thin
dimensions and the low mechanical strength of the electrodes and electrolyte layer versus the gaskets,
bipolar plates, and end plates, the most important goal in the stack design and assembly is to achieve a
proper and uniform pressure distribution [11].

The most common method of clamping the stack is by using bolts. When considering the optimal
clamping pressure on the properties of the fuel cell stack, sometimes an overlooked factor is the torque
required for the bolts, and the factors that contribute to the ideal torque. The optimal torque is not merely
due to the ideal clamping pressure on the fuel cell layers, but it is also affected by the shape and material
of the bolt and nut, the bolt seating and threading, the stack layers, thickness, and number of layers.
Materials bolted together withstand moment loads by clamping the surfaces together, where the edge of
the part acts as a fulcrum, and the bolt acts as a force to resist the moment created by an external force or
moment [11].

The contact resistance and GDL permeability are governed by the material properties of the contacting
GDL and bipolar plate layers. The contact resistance between the catalyst and membrane layers is low
because they are fused together, and the contact resistance between the bipolar plates and other layers is
low because the materials are typically nonporous with similar material properties (high density, with
similar Poisson’s ratios and Young’s modulus). The GDL and the bipolar plate layers have several
characteristics that make the contact resistance and permeability larger than between the other layers: (1)
the Poisson’s ratios and Young’s modulus have large differences (a hard material with a soft material);
(2) the GDL layer is porous, and the permeability has been reduced due to the reduction in pore volume
or porosity; and (3) part of the GDL layer blocks the flow channels that are in the bipolar plate creating
less permeability through the GDL as the compression increases [12].

1.3. PEM fuel cell stack operation

The fuel cell stack is sized to generate the designed power output. PEM fuel cells show some losses of
efficiency and power density with the scale up when the number of cells and their areas increase in a
stack. As fuel cell manufacturing scales up, the relationship between fuel cell performance and design,
manufacturing, and assembly processes must be well understood. Assembly pressure plays a significant
role in determining fuel cell performance [10, 11]. During the assembly of a PEM fuel cell stack, GDL,
bipolar plate, and membrane are clamped together using mechanical devices. A proper level of clamping
pressure is needed to provide adequate gas sealing, as well as to reduce contact resistances at component
interfaces. However, too high a pressure may over-compress the membrane and GDL, crushing their
porous structures and cracking the bipolar plate. In addition, the electrical contact resistance, which
constitutes a significant part of the ohmic resistance in a cell, especially when stainless steel, titanium or
molded graphite is chosen as the bipolar plate material, can be significantly altered by clamping pressure
and operating conditions [13, 14]. Assembly pressure makes the part of GDL under the land area be
compressed and the part under channel area be protruded into channel cavity. This inhomogeneous
compression causes unevenness of the material properties of GDL. The inhomogeneous deformation of
GDL as well as significant change of material properties influences fuel cell performance and durability
dramatically [15].

PEM fuel cell stack assembly process, including clamping pressure, material properties of each
component, design (component thickness and cell active area), and number of cells in the stack are
important factors influencing the performance and durability of the PEM fuel cell stack. Furthermore,
when temperature and relative humidity increase during operation, the membrane absorbs water and
swells. Since the relative position between the top and bottom end plates is fixed, the polymer membrane
is spatially confined. Thus the GDL will be further compressed under the land and the intrusion into
channel becomes more significant [16, 17]. Assembly pressure, contact resistance, membrane swelling
and operating conditions, etc., combine to yield an optimum assembly pressure.

Variations in temperature and humidity during operation cause stresses and strains (mechanical loading)
in the membrane as well as in all components and are considered to be the mechanical failure driving
force in fuel cell applications. Investigating the mechanical response of the PEM fuel cell stack during
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operation (subjected to change in humidity and temperature) requires studying and modeling of the
stress-strain behavior of all fuel cell stack components in operation phase.

1.4. State of the art

The full scale design of the PEM fuel cell stacks are quite complex. It is quite difficult and expensive to
simulate the stresses distribution in the full stack. A computational model of an entire stack would
require very large computing resources and excessively long simulation times. Therefore, the
computational domains in the published works for the many researchers have been limited to one unit
cell consist of one cathode gas flow channel and one anode gas flow channel, one cathode and one anode
GDLs, and one membrane [18-30].

Most of these works were used two-dimensional assumption in their models [18-27]. However, in the
two-dimensional models the hygro-thermal stresses are absent in the third direction (flow direction). The
error introduced due to two-dimensional assumption is about 10% [21]. In addition, a simplified
temperature and humidity profiles with no internal heat generation were assumed, (constant temperature
for each upper and lower surfaces of the membrane ware assumed). The imposed moisture was also
assumed to be uniformly distributed in the membrane. Uniform material properties for the membrane
were also adopted. However, these questionable assumptions lead to overestimation of the maximal
stresses in the membrane.

The number of papers that dealt with the mechanical simulation of the mechanical stresses in PEM fuel
cells was increased. The results were more and more accurate with using three-dimensional models [28-
30]. However, a simplified temperature and humidity profiles with no internal heat generation ware also
assumed. In addition, constant temperature and humidity dependent material properties were utilized in
the simulations for the membrane.

Al-Baghdadi [31] incorporated the effect of hygro and thermal stresses into a non-isothermal three-
dimensional CFD model of PEM fuel cell to simulate the hygro and thermal stresses in the fuel cell
components during running. He studied the behavior of a unit PEM fuel cell during the operation. The
unit cell is consisting of a cathode and anode straight gas flow channels, GDLs, and MEA. The results
showed that the displacement, deformation, and stresses have the highest values in the center of the
membrane near the cathode side inlet area.

To the author’s knowledge, Al-Baghdadi’s work [31] is the first to incorporate the effect of mechanical
and hygro-thermal stresses into actual fuel cell CFD model with three-dimensional effect. A running fuel
cell has varying local conditions of temperature, humidity, and power generation (and thereby heat
generation) across the active area of the fuel cell in three-dimensions. Nevertheless, except of ref. [31],
no models have yet been published to incorporate the effect of hygro-thermal stresses into actual fuel cell
models to study the effect of these real conditions, when cell is running, on the stresses developed in
membrane and gas diffusion layers.

However, a full scale 3D analysis is required to fully encompass mechanical stresses in PEM fuel cell
stacks. Full stack models must implement mainly for investigation of the mechanical stresses in PEM
fuel cell stacks.

Carral and Mele [32] developed a 3D finite element model to investigate the influence of the assembly
phase of PEM fuel cell stacks on the mechanical state of the active layer (MEAs). The results showed
that better uniformity of the MEA compression is obtained with the greatest number of cells, and at the
center of the stack. However, they not integrate stamped metallic bipolar plates due to the difficulty of
the simulation.

Bates et al. [33] simulated a PEM fuel cell stack at various clamping pressures during assembly, resulting
in detailed 3D plots of stress and deformation distribution in all materials of the stack. This type of
simulation can be very revealing as to the effectiveness of a stack assembly. However, all components in
this model are modeled as 3D objects and keep their general form, and all features have been removed
from the materials except for gas channels in the bi-polar plates. They explained that the full stack
analysis requires significant computing power.

Cruz et al. [34] performed a numerical simulation in order to obtain the mechanical stress distribution
during assembly process for two of the most pressure sensitive components of the stack: the membrane,
and the graphite plates. The stress distribution of the above mentioned components was numerically
simulated by finite element analysis and the stress magnitude for the membrane was confirmed using
pressure films. The analysis showed that gas inlet and outlet zones, as well as areas of the membrane in
contact with rigid components require special considerations during design to avoid stress concentration.
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The use of materials to dissipate the load stress and protect sensitive materials can be an alternative to
maintain the integrity of the fuel cell stack and prologue its lifetime.

Charon et al. [35] suggested a numerical method towards stress calculation in a PEM fuel cell stack. A
finite element model submitted to operational static load is developed for pure mechanical analysis of a
stack. They applied the homogenisation technique by replacing cell parts with composite finite elements
or homogenised representative elementary volumes. Then a fuel cell stack model is built and finally
computed using homogenised properties. The distribution of stresses computed at stack level was applied
as boundary conditions on detailed models for only a selected sensitive area to analyze local phenomena.
However, their method gives good results for the calculation of stresses due to the assembly process. But
as soon as the fuel cell is in operation, other physical phenomena must be considered, especially heat
exchanges and the swelling of the membrane due to hydration. They concluded that finding the local
stress of a stack in operation is difficult. It requires multi-physics studies, including both solid and fluid
mechanics and also electrochemistry. So their work is a step towards stress calculation in a stack in
operation.

Chien et al. [36] established three-dimensional finite element model of a bolted PEM fuel cell stack using
the commercial software SolidWorks 2012. Then, the model was analyzed though commercial software
ANSYS 15.0 while the model was subjected to different bolt pre-loadings and thermal loading. Finally,
the effects of variations of bolt pre-loading on the contacting pressure, compression ratio, contact
resistance, porosity and flow channel intrusion rate of GDL in a PEM fuel cell were investigated and
discussed. However, in their model an internal heat resource was assumed and applied to the membrane,
catalyst layers, and GDLs to simulate the generation of heat by the chemical reactions. The obtained
temperature distribution was used to determine the deformation and stress of the PEM fuel cell subjected
to bolt pre-loadings. In addition, the swelling of the membrane due to hydration was not considered and
modeled. The hydrations have a bigger effect than temperature in developing mechanical stresses in the
membrane. These stresses will be more critical when non-uniformity as a form of hydration profile
across the membrane [19].

In summary, this state of the art shows that the existing models are completely based on mechanical
analysis of a stack not in the case of the operating. In order to acquire a complete understanding of the
damage mechanisms in the membranes and the rest of the stack components, mechanical response under
hydration and thermal loads should be studied under realistic stack operating conditions.

1.5. Aim of this work

In this work, full scale three dimensional coupled solid mechanics and thermo-fluid models to predict the
mechanical and hygro-thermal stresses induced during the PEM fuel cell stack assembly, and operation
has been presented. The detailed swelling-thermal-structure interactions and resulting stress distributions
in the stack components were addressed to improve our basic understanding of the mechanical behavior
of PEM fuel cell stacks during operation.

2. PEM fuel cell stack model

The difficult experimental environment of fuel cell systems has stimulated efforts to develop models that
could simulate and predict multi-dimensional coupled transport of reactants, heat and charged species
using computational fluid dynamic methods. Computational Fluid Dynamics (CFD) is the science of
predicting fluid flow, heat transfer, mass transfer, phase change, chemical reaction, mechanical
movement, stress or deformation of related solid structures, and related phenomena by solving the
mathematical equations that govern these processes using a numerical algorithm on a computer. The
results of CFD analyses are relevant in: conceptual studies of new designs, detailed product
development, troubleshooting, and redesign. CFD analysis complements testing and experimentation, by
reduces the total effort required in the experiment design and data acquisition. CFD complements
physical modeling and other experimental techniques by providing a detailed look into our fluid flow
problems, including complex physical processes such as turbulence, chemical reactions, heat and mass
transfer, and multiphase flows. In many cases, we can build and analyze virtual models at a fraction of
the time and cost of physical modeling. This allows us to investigate more design options and "what if"
scenarios than ever before. Moreover, flow modeling provides insights into our fluid flow problems that
would be too costly or simply prohibitive by experimental techniques alone. The added insight and
understanding gained from flow modeling gives us confidence in our design proposals, avoiding the
added costs of over-sizing and over-specification, while reducing risk.
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CFD modeling is a great tool for the design and analyses of fuel cell stack. The strength of the CFD
numerical approach is in providing detailed insight into the various transport mechanisms and their
interaction, and in the possibility of performing parameters sensitivity analyses. These models allow
engineers and designers to predict the performance of the fuel cell given design parameters, material
properties and operating conditions.

A PEM fuel cell stack with clamping plate and rod assembly is shown in Figure 1. The stack model
simulated includes the following components; two end-plates, two current plates, two bi-polar plates, two
GDLs, two gaskets, and, an MEA (membrane plus two CLs) as shown in Figure 2. Both cathode and
anode have straight gas flow channels in square cross section area of lmm. The upper face of the cathode
bi-polar plate has a serpentine water flow channel in square cross section area of 2mm. Material
properties and dimensions of each component are shown in Table 1.

Figure 1. Three-dimensional computational domain for the PEM fuel cell stack.
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Figure 2. Description of the different stack components in computational domain.
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Table 1. Properties and dimensions of the stack components.

Property MEA GDL Bipolar Current  Gasket End plate
plate collector
Material Nafion® Carbon Carbon C15720 Silicon®  Stainless
paper graphite copper steel
Young’s modulus [GPa] Table2 10 10 110 0.54 209
Density [kg/m?] 2000 400 1800 8700 2330 7800
Poisson’s ratio 0.25 0.25 0.25 0.35 0.30 0.25
Expansion coeff. [K™!] 123¢® -0.8¢¢ 5¢ 17¢* 62¢¢ 12¢*®
Conductivity [W m™ K] 0.455 17.122 95 385 0.517 44.5
Specific heat [J kg' K] 1050 500 750 385 932 460
Dimensions [mm] 80x80 50x50 100x 100 100x 100 80x 80 150 x 150
Thickness [mm] 0.24 0.26 4 2 0.26 20

Table 2. Young's modulus at various temperatures and humidities of Nafion®.

Relative humidity [%]

Young's modulus [MPa]

30 50 70 90
T=25C 197 192 132 121
T=45C 161 137 103 70
T=65C 148 117 92 63
T=85C 121 85 59 46

2.1. Solid mechanics model

PEM fuel cell stack assembly pressure is known to cause large strains in the stack components. All
components compression occurs during the assembly process of the stack, but also during fuel cell stack
operation due to membrane swelling when absorbs water and cell materials expansion due to heat
generating in catalyst layers. Additionally, the repetitive channel-rib pattern of the bipolar plates results
in a highly inhomogeneous compressive load, so that while large strains are produced under the rib, the
region under the channels remains approximately at its initial uncompressed state. This leads to
significant spatial variations in GDL thickness and porosity distributions, as well as in electrical and
thermal bulk conductivities and contact resistances (both at the ribe-GDL and membrane-GDL
interfaces). These changes affect the rates of mass, charge, and heat transport through the GDL, thus
impacting fuel cell stack performance and lifetime.

2.1.1. Solid mechanics model during assembly
The mechanical strain induced in the components by the stacking and clamping process (assembly
process) can be written from Hooke’s law as [4, 5, 31];

1+v v
v ZT i _Eé;jakk (1)

where E is Young’s modulus, v is the Poisson’s ratio of the material, 5[.]. denotes the Kronecker delta,

o; is the stress tensor, and Oy = 0}, + 0, +03;.
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2.1.2. Solid mechanics model during operation

When running fuel cell stack, temperature and humidity are play critical factors in fuel cell durability.
Additional mechanical stresses occur during fuel cell stack running because PEM fuel cell stack
components have different thermal expansion and swelling coefficients. Thermal and humidity gradients
in the fuel cell produce dilatations obstructed by tightening of the screw-bolts.

The thermal strains resulting from a change in temperature of an unconstrained isotropic volume are
given by [4, 31];

7=\l Ty, @)

where ¢ is thermal expansion [1/K].

The swelling strains caused by moisture change in membrane are given by [31];
g :xmem(g‘n_mRef) (3)

where A is membrane humidity swelling-expansion and R is the relative humidity [%].

mem

2.2. Thermal-fluid model

2.2.1 Gas flow channels

In the fuel cell channels, the gas-flow field is obtained by solving the steady-state Navier-Stokes
equations, i.e. the continuity equation, the mass conservation equation for each phase yields the volume
fraction () and along with the momentum equations the pressure distribution inside the channels. The
continuity equation for the gas phase inside the channel is given by [1-4];

V-(rgpgug)=0 4)

and for the liquid phase inside the channel becomes;

V- (rlplul ) =0 ®)
where u is velocity vector [m/s], pis density [kg/m?].

Two sets of momentum equations are solved in the channels, and they share the same pressure field.
Under these conditions, it can be shown that the momentum equations becomes [1-4, 31];

V-(pgug ®u, —,ugVug)z—Vrg(PJr%,ugV-ug]JrV-[,ug(Vug)T] (6)

2
V- (plul Qu, — 1 Vu, ) ==Vr, (P + 3 A% uzj +V- [,Uz (Vu, )T] (7
where P is pressure [Pa], x is viscosity [kg/(m-s)].

The mass balance is described by the divergence of the mass flux through diffusion and convection.
Multiple species are considered in the gas phase only, and the species conservation equation in multi-
component, multi-phase flow can be written in the following expression for species i [1];

N M VM VP
_’”gpgyizDi/VKvyﬂryj Y JJF(XJ‘_J’./)?}F
V, Jj=1 J :0

rgpgyi.ug—i_DiT%

®)

where T is temperature (K), y is mass fraction, x is mole fraction, D is diffusion coefficient [m?s].
Subscript i denote oxygen at the cathode side and hydrogen at the anode side, and j is water vapour in
both cases. Nitrogen is the third species at the cathode side.
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The Maxwell-Stefan diffusion coefficients of any two species are dependent on temperature and
pressure. They can be calculated according to the empirical relation based on kinetic gas theory [1,31];

T %107 1 1 v
D’j - 1372 ®)

- AT
EARED
k k

In this equation, the pressure is in atm and the binary diffusion coefficient Dy is in [cm?/s]. The values for
(>, ) are given by Fuller et al., see ref. [1].

The temperature field is obtained by solving the convective energy equation;
v-(r,(p,Cpu, T~k VT))=0 (10)

where Cp is specific heat capacity [J/(kg.K)], k is gas thermal conductivity [W/(m.K)].
The gas phase and the liquid phase are assumed to be in thermodynamic equilibrium; hence, the
temperature of the liquid water is the same as the gas phase temperature.

2.2.2 Gas diffusion layers

The physics of multiple phases through a porous medium is further complicated here with phase change
and the sources and sinks associated with the electrochemical reaction. The equations used to describe
transport in the gas diffusion layers are given below. Mass transfer in the form of evaporation

(n'fz phase > 0) and condensation (m <0) is assumed, so that the mass balance equations for both

phases are [1, 31];

phase

V-((l—sat)pgéug):mphase (11)
v ’ (Sat'plgul ) = mphase (12)
where sat is saturation, &is porosity

The momentum equation for the gas phase reduces to Darcy’s law, which is, however, based on the
relative permeability for the gas phase (Kp). The relative permeability accounts for the reduction in pore

space available for one phase due to the existence of the second phase [1, 31].
The momentum equation for the gas phase inside the gas diffusion layer becomes;

u, =—(1-sat)KpVP/ u, (13)
where Kp is hydraulic permeability [m?].

Two liquid water transport mechanisms are considered; shear, which drags the liquid phase along with
the gas phase in the direction of the pressure gradient, and capillary forces, which drive liquid water from
high to low saturation regions [37]. Therefore, the momentum equation for the liquid phase inside the gas
diffusion layer becomes;

u, :—EVP+E%VSM (14)
H 4, Osat

where P, is capillary pressure [Pa].

The functional variation of capillary pressure with saturation is prescribed following Leverett [37] who
has shown that;

1/2
P = z‘(éj (1 A17(1-sat)—2.12(1-sat) +1.263(1— sat)3) (15)

where 7 is surface tension [N/m].
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The liquid phase consists of pure water, while the gas phase has multi components. The transport of each
species in the gas phase is governed by a general convection-diffusion equation in conjunction which the
Stefan-Maxwell equations to account for multi species diffusion;

y M VM VP
—(l—sat)pgey,ZDij MKvyf +Y; M]+(xj _yj)P:|+
J

v. (16)

= mphase

(1 —sat)pgeyi ‘u, + eD; V—TT

In order to account for geometric constraints of the porous media, the diffusivities are corrected using the
Bruggemann correction formula [1, 31, 37];

D;ﬁ :l)l_jX(C,'L5 (17)
The heat transfer in the gas diffusion layers is governed by the energy equation as follows [1, 31, 37];
V ) ((1 - Sat)(pgécpgugT - keff,gSVT)) = $ (]:'olid - T) - g’/i/lphaséAHevap (18)

where k. is effective electrode thermal conductivity [W/(m-K)]; the term [ gf8(Tsoia—T)], on the right hand
side, accounts for the heat exchange to and from the solid matrix of the GDL. The gas phase and the
liquid phase are assumed to be in thermodynamic equilibrium, i.e., the liquid water and the gas phase are
at the same temperature.

The potential distribution in the gas diffusion layers is governed by [31];
V-(4Vg)=0 (19)

where Ae is electrode electronic conductivity [S/m].

In order to account for the magnitude of phase change inside the GDL, expressions are required to relate
the level of over- and undersaturation as well as the amount of liquid water present to the amount of
water undergoing phase change.

In the case of evaporation, such relations must be dependent on (i) the level of undersaturation of the gas
phase in each control volume and on (ii) the surface area of the liquid water in the control volume. The
surface area can be assumed proportional to the volume fraction of the liquid water in each cell. A
plausible choice for the shape of the liquid water is droplets, especially since the catalyst area is
Teflonated [1, 37].

The evaporation rate of a droplet in a convective stream depends on the rate of under saturation, the
surface area of the liquid droplet, and a (diffusivity dependent) mass-transfer coefficient. The mass flux
of water undergoing evaporation in each control volume can be represented by [37];

X0 —X

mevap = MHZO w ND kxm T Ddrop = (20)
I1-x,,
where D, is Diameter of droplet water [m], k,, is Mass transfer coefficient [mol/(m’s)], N, is

number of droplets, @ is Scaling parameter for evaporation.

The bulk concentration x,_ is known by solving the continuity equation of water vapor. To obtain the
concentration at the surface x , it is reasonable to assume thermodynamic equilibrium between the

liquid phase and the gas phase at the interface, i.e., the relative humidity of the gas in the immediate
vicinity of the liquid is 100%. Under that condition, the surface concentration can be calculated based on
the saturation pressure and is only a function of temperature.
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The heat-transfer coefficient for convection around a sphere is well established, and by invoking the
analogy between convective heat and mass transfer, the following mass-transfer coefficient was obtained
by Berning and Djilali [37];

12 1/3

— cairDHZO 2 +O 6 Ddropvoopg ,ng

Ddrap lug pgDH20

21)

Xm

It is further assumed that all droplets have a specified diameter D, , and the number of droplets in each

rop?
control volume is found by dividing the total volume of the liquid phase in each control volume by the
volume of one droplet;

satlV,
l D>
6

drop

N, = (22)

In the case when the calculated relative humidity in a control volume exceeds 100%, condensation occurs
and the evaporation term is switched off.

The case of condensation is more complex, because it can occur on every solid surface area, but the rate
of condensation can be different when it takes place on a wetted surface. In addition, the overall surface
area in each control volume available for condensation shrinks with an increasing amount of liquid water
present. Berning and Djilali [37] assumed that the rate of condensation depends only on the level of
oversaturation of the gas phase multiplied by a condensation constant. Thus, the mass flux of water
undergoing condensation in each control volume can be represented by;

@ C T T (23)
1- wa

m

cond =
where C is condensation constant.

2.2.3 Catalyst layers

The catalyst layer is treated as a thin interface, where sink and source terms for the reactants are
implemented. Due to the infinitesimal thickness, the source terms are actually implemented in the last
grid cell of the porous medium. At the cathode side, the sink term for oxygen is given by [1, 31];

S % 24
= — 1
% 4F " -

where F is Faraday’s constant (96487 [C/mole]), i. is cathode local current density [A/m?], M is
molecular weight [kg/mole].
Whereas the sink term for hydrogen is specified as;

M
S, =——1h
i 2F

I, (25)

where i, is anode local current density [A/m?]

The production of water is modelled as a source terms, and hence can be written as;

My,

Sio =i (26)
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The generation of heat in the cell is due to entropy changes as well as irreversibility's due to the
activation overpotential [1, 3, 31];

q= {M + ﬂac,} i 27

nF

e

where ¢ is heat generation [W/m?], n. is number of electrons transfer, s is specific entropy [J/(mole.K)],
Tuer 18 activation overpotential (V).

The local current density distribution in the catalyst layers is modelled by the Butler-Volmer equation [1,
38, 39];

Co, | a F aF
; -ref 02 a c
I.=1°|——= | exp .. | TEXP| — " 28
c 0,c ngf | ( RT nact,c) [ RT nact,c ):| ( )

I
[ C a F a F

. .ref H, a ¢
=1 —= exp .. | Texpl — , 29
a o0,a CI;:Ier |: [ RT nact,a) ( RT nact,aj:| ( )

where C,, is local hydrogen concentration [mole/m3], C,'fzfis reference hydrogen concentration
[mole/m?], CO2 is local oxygen concentration [mole/m3], ngf is reference oxygen concentration
[mole/m?], l(')e,f is anode reference exchange current density, l:ef is cathode reference exchange current
density, R is universal gas constant (8.314 [J/(mole-K)]), o is charge transfer coefficient, anode side, and

a. is charge transfer coefficient, cathode side.

2.2.4 Membrane
The balance between the electro-osmotic drag of water from anode to cathode and back diffusion from
cathode to anode yields the net water flux through the membrane [1, 3, 4];

i
Ny =nM o5 =V (pD, Ve, ) (30)

where N, is net water flux across the membrane [kg/(m?-s)], n4 is electro-osmotic drag coefficient.

The water diffusivity in the polymer can be calculated as follow [1, 3, 31];

I 1

D, =1.3x10""exp| 2416] — — — 31
w Xp{ (303 Tj} (31)

The variable c¢j, represents the number of water molecules per sulfonic acid group (i.e.

mol H. 2O/ equivalent SO;'). The water content in the electrolyte phase is related to water vapour

activity via [1];

¢, =0.043+17.81a—39.85a> +36.0a> (0<a<1)
¢y =14.0+1.4(a—1) (1<a<3) (32)
¢,y =16.8 (a>3)
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The water vapour activity a given by;
a=x,P[F,, (33)
Heat transfer in the membrane is governed by;

v-(k,,, - VT)=0 (34)

where kuen 18 membrane thermal conductivity [W/(m-K)].

The potential loss in the membrane is due to resistance to proton transport across membrane, and is
governed by [1, 3, 31];

V-(4,V¢)=0 (35)
where A, is membrane ionic conductivity [S/m].

The membrane type is Nafion®. Bernardi and Verbrugge [1] developed the following theoretical
expression for the electric conductivity of the fully humidified membrane;

F2
A :E'Zf'DH'C'f (36)

m

where Z; is Fixed-site charge, D, is Protonic diffusion coefficient [m%s], C; is Fixed charge
concentration [mol/m?].

2.3. Modeling parameters

Choosing the right modeling parameters is important in establishing the base case validation of the model
against experimental results. Since the fuel cell stack model that is presented in this study accounts for all
basic transport phenomena simply by virtue of its three-dimensionality, a proper choice of the modeling
parameters will make it possible to obtain good agreement with experimental results obtained from a real
fuel cell stack. It is important to note that because this model accounts for all major transport processes
and the modeling domain comprises all the elements of a complete fuel cell stack, no parameters needed
to be adjusted in order to obtain physical results.

The assembly conditions are set to reference temperature 20 C, and relative humidity 30%, where the
thermal strain of the all stack components and the swelling strain of the membrane are equals to zero.
The clamping forces of the nut and bolt are applied on a specific area of the end plates in the assembly
procedure. The assembly was clamped together with eight bolts. The model presented in this work takes
more factors into consideration during assembly such as thread pitch, bolt diameter, and friction factors.
A friction factor of 0.2 is used with a torque of 5 N.m which is equivalent to a 5000 N axial load per bolt.
The cell operates at a nominal current density of 1.2 A/cm?. The selection of relatively high current
density is due to illustrate the phase change effects, membrane swelling and thermal stresses which are
more visible in the stack in the high loading conditions. Values of the operating conditions and
electrochemical transport parameters are listed in Table 3. The governing equations were discretized
using a finite-volume method and solved using a multi-physics computational fluid dynamic (CFD) code.
Stringent numerical tests were performed to ensure that the solutions were independent of the grid size.
A computational quadratic mesh consisting of a total of 939212 domain elements, 209214 boundary
elements, and 20443 edge elements was found to provide sufficient spatial resolution (Figure 3). The
coupled set of equations was solved iteratively, and the solution was considered to be convergent when
the relative error was less than 1.0x107 in each field between two consecutive iterations.
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Table 3. Operating conditions and electrochemical transport parameters [1].

Parameter Symbol Value

Air pressure (Cathode pressure) [atm] P 3

Fuel pressure (Anode pressure) [atm] P 3

Air stoichiometric flow ratio & 2

Fuel stoichiometric flow ratio 3 2

Relative humidity of inlet air [%] R, 100

Relative humidity of inlet fuel [%] R, 100

Ambient temperature [K] Tams 298.15

Air inlet temperature [K] T, 353.15

Fuel inlet temperature [K] T, 353.15

Inlet Oxygen/Nitrogen ratio "4 0.79/0.21
Hydrogen reference mole fraction x;ff 0.84639
Oxygen reference mole fraction xgif 0.17774
Electrode initial porosity £ 0.4

Electrode electronic conductivity A 100 S/m
Membrane ionic conductivity (Nafion®117) A 17.1223 S/m
Transfer coefficient, anode side a, 0.5

Transfer coefficient, cathode side a, 1

Cathode reference exchange current density z(fef 1.8081¢™ A/m?
Anode reference exchange current density ,(l)@é’ 2465.598 A/m?
Electrode thermal conductivity ko 1.3 Wm.K
Membrane thermal conductivity K e 0.455 W/m.K
Electrode hydraulic permeability kp 1.76¢!'! m?
Entropy change of cathode side reaction AS -326.36 J/mol.K
Heat transfer coef. between solid and gas phase b 4e6 W/m?
Protonic diffusion coefficient D,. 4.5¢° m*/s
Fixed-charge concentration cr 1200 mol/m?
Fixed-site charge zr -1
Electro-osmotic drag coefficient ny 2.5

Droplet diameter Dyrop le®* m
Condensation constant C le?

Scaling parameter for evaporation @ 0.01

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2018 International Energy & Environment Foundation. All rights reserved.



16 International Journal of Energy and Environment (IJEE), Volume 9, Issue 1, 2018, pp.1-26

Figure 3. Computational mesh of a PEM fuel cell stack.

3. Results and discussion

The use of the CFD allows the study of the physical phenomenon within a fuel cell stack such as heat
and energy transport without the need to build a structure, eliminating the manufacture and machining
costs. The 3D model enables the prediction of the distribution and visualization of various parameters
influencing the stack behavior .

Figure 4 represents the temperature within the different components of the stack. It is seen that the
highest temperature is located close to the cathode catalyst layer, implying that major heat generation
takes place in this region. The temperature over the two bipolar plates is quite uniform with one peaks
coming from the heat production within the MEA (mainly within cathode side reaction layers). Overall,
the temperature within the center of the stack is 8°C higher than the mean operating temperature of 80°C.
Along with the figure, the temperature distribution decreases from inside to the outside walls due to heat
flow to the ambient temperature. It is seen that the boundary temperature is lowest (close to 78°C) at the
bipolar plates, current collectors, and end plates boundaries due to the large temperature difference (heat
loss towards the surroundings).

The PEM fuel cell stack is a sandwich-like structure composed of many layers, materials and interfaces.
The pressure distribution in PEM fuel cell stack therefore is affected by the component material
properties, geometrical parameters and the clamping method. Figure 5 shows the total displacement
distribution with a maximum value near the edges in the PEM fuel cell stack during assembly process
and also during operation. The centre of the electrode tends to un-displacement. This un-displacement
area increases by increasing the clamping torque. This effect confirms the hypothesis of plate
deformation during the tightening. Furthermore, Figure 5 shows high deformations in the stack
components during operation. This is due to the more pressure producing from the thermal expansion of
the stack components materials and membrane swelling during operation with a fixed relative position
between the top and bottom end plates.

In PEM fuel cells stack, all components are generally assembled between clamping plates by applying a
torque moment on the tightening bolts; as a consequence the clamping force plays an important role for
stack realization. The function of the stack-compression hardware is to fasten cell components with a
defined and homogeneous pressure. If these requirements are not accurately fulfilled, the function and
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the durability of the cell will be influenced negatively. The MEAs and the bipolar plates need to be fixed
in accurate positions and the compression of gaskets needs to be safe and homogeneous. If the pressure is
too high, it will cause mechanical failure of the membrane or of the bipolar plate. Furthermore, an
excessive compression of the components, in particular the GDL, increases the mass transport problems
with a consequent reduction of cell performance and lifetime especially at high current density. If the
pressure is too low, it may cause gas or cooling fluid leakage. Another effect of low compression is the
increased contact resistance between the GDL and the bipolar plate, which will result in an
inhomogeneous current distribution and thus in a reduced lifetime of the MEA. Figures 6 - 16 show the
stresses distribution in each component of the PEM fuel cell stack during operation.

In a conventional PEM fuel cell stack design, end plates are the two outermost components in a fuel cell
assembly. They act as part of the clamping system to provide compressive force in order to unitize the
single fuel cells together to form a stack. In addition, they also have some other important functions, such
as ensuring good electrical contact between multiple layers within the fuel cell, ensuring good sealing at
various interfaces, providing passages for the reactants, products and possibly cooling agents to enter and
leave the fuel cell. Although the current design of fuel cell end plates can provide the above listed
functions in a somewhat satisfactory manner, it is recognized that there are some existing problems to be
solved, such as: deformation of end plates has an influence on fuel cell performance and is difficult to
control; end plates are typically bulky and heavy, as compared to the fuel cell stacks; tie rods tend to
loosen up during service. This may cause leakage, bad electrical contacts and deteriorated performance
of the fuel cell stacks; and repeatability in pressure distribution can hardly be realized among the fuel cell
stacks. The end plate material has a large influence on the mechanical properties of the end plate. A good
end plate material has a high Young’s modulus and a low density. Figures 6 and 16 show the von Mises
stress distribution of the cathode and anode end plates respectively.

The current plate materials may influence fuel cell performance. Current plates for all kinds of fuel cell
stacks are made of noble metals such as gold or platinum, or non-noble metals such as stainless steel,
copper, or aluminum. The noble metals not only have good conductivity but also can almost avoid
electrochemical corrosion and thus will not produce metallic ions that may poison the fuel cell. However,
these noble metals are very expensive. If stainless steel, copper, or aluminum is directly used to make a
current plate, electrochemical corrosion will occur if fluids pass through it, resulting in unwanted damage
due to the metallic ions produced. In order to avoid this problem, nonnoble metal materials plated with
gold or platinum are frequently used. Figures 7 and 15 show the von Mises stress distribution of the
cathode and anode current plates respectively.

Bipolar plates have traditionally been fabricated from high-density graphite on account of its superior
corrosion resistance, chemical stability, high thermal conductivity, and availability. However, due to its
molecular structure, it exhibits poor mechanical properties, high manufacturing cost, and it is difficult to
work with. Nevertheless, graphite has established itself as the benchmark material for fabrication of
bipolar plates, against which all other materials are compared. However, it is not suitable for either
transportation applications that require good structural durability against shock and vibration or large-
scale manufacturing because of its poor mechanical strength. The thickness of the graphite plates cannot
be reduced, resulting in bulkiness and heaviness. As a result, recent studies have moved away from
graphite in the direction of developing and optimizing more cost effective materials such as metals and
composites.

Metallic materials are another choice for bipolar plates because of their good mechanical strength, high
electrical conductivity, high thermal conductivity, high gas impermeability, low cost, and ease of
manufacturing. The most advantage of metallic bipolar plates is stampability and reducing the thickness
plate. Metallic bipolar plates can significantly reduce the volume of fuel cell stacks. In addition,
relatively simple fabrication process of gas channels on the metallic plates by stamping enables mass
production. In spite of these technical benefits, metallic plates are highly susceptible to corrosion which
is closely related to reliability and durability of fuel cell engines. Recently, polymerecarbon composite
bipolar plates have been investigated due to their lower cost, less weight, and higher corrosion resistivity
in comparison with available materials such as graphite or metallic bipolar plates. The disadvantages of
composite bipolar plates are non-stampability, lower electrical and mechanical properties than those of
metallic bipolar plates. Figures 8 and 14 show the von Mises stress distribution of the cathode and anode
bipolar plate respectively.

In a fuel cell, gaskets are normally used to generate the insulation of anodic and cathodic compartments
and to avoid gas cross over. Generally, they form a frame around MEA in the un-active zone of the flow
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field. Because the cell plates are subject to a compression, the gasket material can influence the cell
performance and durability. The use of different gasket materials changes the contact pressure
distribution on the GDL, affecting the fuel cell performance and lifetime. Moreover, because of the
gaskets are typically placed between the bipolar plates and the MEA to guarantee a good sealing, the
chemical and mechanical characteristics and stability of the gasket materials must be investigated. In fact
these properties are critical for both sealing and the electrochemical performance of the cell.
Furthermore, it was found that there is an optimal difference in thickness between gaskets and GDL, in
order to prevent problems related to an excessive GDL compression. Mismatch may lead to the
following problems: (i) Thinner gasket may lead to sealing problem causing safety issue. In addition to
that, the cell will be facing mass transport related losses. (ii) On the other hand, thicker gasket may result
in poor contact between the bipolar plate and the GDL, which will be reflected on the ohmic region of
the current voltage characteristics. Figures 9 and 13 show the von Mises stress distribution of the cathode
and anode gaskets respectively.

One of the key elements affecting PEM fuel cell stack performance is the GDL, which must provide a
passage for reactant access and excess product removal to/from the catalyst layers, high electronic and
thermal conductivity, and adequate mechanical support for the MEA. In order to fulfill these
requirements, GDLs are typically made of highly porous carbon-fiber paper or cloth. The high porosity
of these materials provides to the GDL a characteristic soft and flexible structure, susceptible of large
deformations when subjected to compression. This leads to significant changes in its mechanical,
electrical and thermal properties (thickness, porosity, permeability, electrical and thermal bulk
conductivities and contact resistances, etc.), thus affecting mass, charge, and heat transfer processes, fuel
cell performance and lifetime.

Each type of GDL material has its own optimal clamping pressure, to achieve a proper and uniform
pressure distribution inside the stack. The inhomogeneous compression of the GDL leads to several
opposing effects. On one hand, the assembly pressure improves both electric and thermal conductivities
by reducing bulk and contact resistances. Slight compressions may also reduce mass transport resistance
due to the shortening of the diffusion path to be covered by the reactants and products in their way
to/from the catalyst layers. However, excessive compression loads may impede reactant and product
transport due to the loss of pore volume, which is typically, accompanied by a reduction of the effective
species diffusivities. On top of that, excessive assembly pressures are known to damage typical paper
type GDLs, induce local delamination of the GDL under the channel, and result in non-uniform
compressive loads which may degrade the membrane. Pore size reduction may also affect multiphase
capillary transport phenomena in the GDL (liquid water removal in PEM fuel cells). And last, but not
least, partial GDL intrusion into the channel produces a reactant flow rate reduction or, alternatively, an
increase of the parasitic power required to maintain the flow, which affects the overall efficiency of the
stack.

In the operation PEM fuel cell, the contact pressure on the GDL is increased because of the thermal
expansion of cell materials and membrane swelling. Furthermore, due to the round corners of the bipolar
plate, the contact behavior at the interface is hard to predict without a CFD analysis. Figures 10 and 12
show the von Mises stress distribution of the cathode and anode GDLs respectively.

The heart of a fuel cell is a polymer, proton exchange membrane (PEM). On both sides of the membrane
there are catalyst layer. Mechanical stresses which limit MEA durability have two origins. Firstly,
this is the stresses arising during fuel cell assembly (bolt assembling). The bolts provide the
tightness and the electrical conductivity between the contact elements. Secondly, additional
mechanical stresses occur during fuel cell running because PEM fuel cell components have
different thermal expansion and swelling coefficients. Thermal and humidity gradients in the
fuel cell produce dilatations obstructed by tightening of the screw-bolts. Compressive stress
increasing with the hygro-thermal loading can exceed the yield strength which causes the plastic
deformation. The mechanical behavior of the membrane depends strongly on clamping pressure,
hydration and temperature. Furthermore, in an operating fuel cell, because the four sides of the
membranes are fixed, variations in temperature and humidity during operation can induce MEA
dimensional change and corresponding cyclic stresses and strains inside it. Mechanical MEA degradation
can occur in many forms, such as MEA thinning, tears, cracks, pinholes, and so on. Figure 11 shows the
von Mises stress distribution of the MEA.
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Figure 4. Solid-phase temperature distribution in the PEM fuel cell stack during operation [K].
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Figure 5. Total displacement distribution in the PEM fuel cell stack [pum].
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Figure 6. Cathode end plate von Mises stress distribution [MPa].
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Figure 7. Cathode current plate von Mises stress distribution [MPa].
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Figure 8. Cathode bipolar plate von Mises stress distribution [MPa].
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Figure 9. Cathode gasket von Mises stress distribution [MPa].
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Figure 10. Cathode GDL von Mises stress distribution [MPa].
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Figure 11. MEA von Mises stress distribution [MPa].
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Figure 12. Anode GDL von Mises stress distribution [MPa].

5 5
4.5 4.5

a 4 4
- 3.5 3.5

— — 3 2
g 2.5 2.5

- 2 2
' - 15 15

W - 1 L
0.5 0.5

0 0

View from the top View from the bottom

Figure 13. Anode gasket von Mises stress distribution [MPa].
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Figure 14. Anode bipolar plate von Mises stress distribution [MPa].
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Figure 15. Anode current plate von Mises stress distribution [MPa].
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Figure 16. Anode end plate von Mises stress distribution [MPa].

4. Conclusion

This work develops a three dimensional non-isothermal CFD model to study the pressure effects by
combining the mechanical and electrochemical phenomena in PEM fuel cells stack. Solid mechanics-
CFD simulation of a single PEM fuel cell stack, integrating the real full scale geometry of all
components, was successful and has not been previously seen in literatures work. The simulation shown
here provides a 3D analysis of stress distribution in all materials of a fuel cell stack during operation. The
present numerical study provides a fundamental understanding of the stress-temperature-swelling
interaction during PEM fuel cell stack operations and demonstrates that the coupled solid
mechanics/CFD PEM fuel cell stack model presented in this work can be used as a useful tool for
optimizing PEM fuel cell stack clamping and operating conditions. This model is an important step for
further development of the stack design and the flow field of a PEM fuel cell stack.
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