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Abstract

PEM fuel cell stack assemblgrocess, 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 statkeffoore,

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 Herther 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.
this study, full threadimensional, nofisothermal compiational fluid dynamics (CFDJetailedmodel of

a PEM fuel cell stack has been developed coupled with a solid mechanics model simulate the
stresddistribution inside the stack, which are occurring during fuel cell assembly (bolt assembling), and
menbrane 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 folidiwing
componentsn full details two endplates, two current plateswo bi-polar plateswith straght flow
channels for reactantd cooling serpentine water flow channel on the upper face of cathpdébi

plate two GDLs, two gasketand, an MEA (membrane plus two CLEhe model is shown to be able to
understand t many interacting, complex electrochemical, transport phenomithastressdistribution

inside the stack during operation on the performance and durability of the stack that have limited
experimental data. Furthermoréetmodel is shown to be able toopide a computeaided tool for

design and optimize future fuel cell stack witluah higher power density, long stalifle, 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 energpligations, and the durability of fuel cell stack
components remains, in most cases, insufficiently undersisdd Lengthy required testing times, lack
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of understanding of most degradation mechanisms, and the difficulty of performsity,imon
destructive structural evaluation of key components makes the topic a difficu§, @pe [

The MembrandlectrodeAssembly (MEA) is the core component of PEM fuel cell and consists of
membrane with the catalyst layers (CL) attached to each siddud@heell MEA durability plays a vital

role in the overal/l |l i feti me achieved by a stacl

layers are three critical interfaces that must remain properly intermingled for optimum MEA
performance: platima/carbon interface (for electron transport and catalyst support); platinum/Nafion
interface (for proton transport); and Nafion/carbon interface (for-aagivity catalyst dispersion and
structural integrity). The MEA performance shows degradation oveatpg time, which is dependent

upon materials, fabrication and operating conditidh ]|

Durability is a complicated phenomenon; linked to the chemical and mechanical interactions of the fuel
cell stack components, i.e. electatalysts, membranes, gdiffusion layers, bipolar plates, and end
plates, under severe environmental conditions, such as elésateéerature and low humidity][9n 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 voltagelassl of output power [9Mechanical degradation is

often the cause of early life failures. Mechamidamage in the PEM can appear as thrahglhickness

flaws or pinholes in the membrane, or delaminating between the polymer membrane and gas diffusion
layers [19].

Mechanical stresses which limit MEA durability have two origins. Firstly, this issttesses 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 compats have different thermal expansion and swelling
coefficients. Thermal and humidity gradients in the fuel cell produce dilatations obstructed by tightening
of the screwbolts. Compressive stress increasing with the hifgeomal loading can exceed thesly
strength which causes the plastic deformation. The mechamétevior of the membrane depends
strongly on lydration and temperature][1

Water management is one of the critical operation issues in PEM fuetacafigintain optimum water

levels insideit. Spatially varying concentrations of water in both vapour and liquid form are expected
throughout the cell because of varying rates of production and tran3pede variations in water
concentrations introduce a mechanical stresses in membrane bgusseelling/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, operatiomust consider appropriate measures to balance water content within the fuel cell to
reduce the risk of mechanical failure and durability, consequgndy.

Thermal management is also required to remove the heat produced by the electrochemicalimeaction
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 membrahé&][ Thermal management is also essential for the control

of the water evgoration or condensation ratéss 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 mhtajials
thermal stresses are expected to be introduced into the unit cell during operation. In additior; the non
uniform current and reactant flow distributions in the cell can result irundorm temperature and
moisture content of the cell, which could 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 designsinandeed 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 affqurfloemance of fuel cellsL).

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 forcerequired 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 stalngproblems, 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 a&s 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 electradytedesus 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 distributidr][

The most common method of clamping the stack is by using bolts. When consitheriogtimal

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 m®ure 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 ssirfagether, 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 L1].

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 nonpsrwith similar material properties (high density, with
similar Poissonbés ratios and Youngo6és modul us) .
characteristics that make the contact resistance and permeability larger than between the otl{&) layers:
the Poissonbs ratios and Youngdés modulus have | a
(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 layelobks the flow channels that are in the bipolar plate creating

less permeability through the GDL as the compression increbges |

1.3. PEMfuel cell stackoperation

The fuel cell stack is sized to generate the designed power output. PEM fuel cellsosh@wsses 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 pro@ssiust be well understood. Assembly pressure plays a significant
role in determining fuel cell performanc&(] 11]. During the assembly of a PEM fuel cell stack, GDL,
bipolar plate, and membrane are clamped together using mechanical devices. A pebpérclamping
pressure is needed to provide adequate gas sealing, as well as to reduce contact resistances at component
interfaces. However, too high a pressure may -oeenpress the membrane and GDL, crushing their
porous structures and cracking the dpolate. 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 significterdgdly clamping pressure

and operating conditionsl3, 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 efrtlaterial 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 pressuateriah 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 relaisnumidity 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 lanth@nfrusion into

channel becomes more significad6] 17]. Assembly pressure, contact resistance, membrane swelling
and operating conditions, etc., combine to yield an optimum assembly pressure.

Variations in temperature and humidity during operatiamsesstresses and strains (mechanical loading)

in the membrane as well as in all componemd areconsidered to be the mechanical failure driving
forcein fuel cell applicationsinvestigating the mechanical response of the PEM fuel cell stack during
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operation (subjected to change in humidity and temperature) requires studyimgodaling of the
stressstrainbehaviorof all fuel cell stack components in operation phase.

1.4. State of the art

The full scale design of the PEM fuel cell stacks angeguomplex. It is quite difficult and expensive to
simulate the stresses distribution tire full stack. A computational model of an entire stack would
require very large computing resources and excessively long simulation times. Therefore, the
computatimal domains in the published works for the many researchers have been linotes uait

cell consist of oneathodegas flow channekndoneanodegas flow channebne cathode and one anode
GDLs, andonemembrang18-3Q].

Most of these works were uséao-dimensionalassumption in their modeld$-27]. However,in the
two-dimensionaimodelsthe hygrethermal stresses are absent in the third direction (flow direction). The
error introduced due to twdimensional assumption is about 10%l][ In addition, a simplified
temperature and humidity proffevith no internal heat generatioresg assumed, (constant temperature

for each upper and \Weer surfaces of the membrane wassumed)The imposed moisture \waalso
assumed to be uniformly distributed in thembrane Uniform material properties for the membrane
were also adopteddowever, thesauestionable assumptions lead to overestimation of the maximal
stresses in the membrane.

The number of papers that dealt with the mechanical simulation of the metisarEsaes in PEM fuel

cells was increased. The results were more and more accurate withhusadjmensionaimodels P8

30]. However a simplified temperature and humidity profiles with no internal heat generatioraisare
assumed. In additiortonstat temperature and humidity dependent material properties were utilized in
the simulations for the membrane

Al-Baghdadi [3] incorporated the effect of hygrand thermal stresses into a risathermal three
dimensional CFD model of PEM fuel cell to simulate the hygro and thermal stresses in the fuel cell
components during running. He studied behaviorof 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 valuezntetioé¢ the
membrane near the cathode side inlet area.

To t he kaowledgey AMBasg h d a di &]ss thevfirst o indorporate the effect of mechanical

and hygrethermal stresses into actual fuel cell CFD model with tdieensional effect. A running fuel

cell has varying local conditions of temperature, humidity, padler generation (and thereby heat
generation) across the active area of the fuel cell intiraensions. Nevertheless, except of ref][3

no models have yet been published to incorporate the effect of-thagroal stresses into actual fuel cell
modds 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 stacknodels must implement mainly for investigation of the mechanical stresses in PEM
fuel cell stacks.

Carral and Mele32] developed a 3D finite element model to investigate the influence of the assembly
phase of PEM fuel cell stacks on the mechanical stiathe 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 stackdowever,they not integratestamped 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 effectivenessiaich assembly. Howevell component#n

this modelare modeled as 3D objects and keep their general formalbfeshtures have been removed
from the materials except for gas channels in thpolir platesThey explained that th&ull stack
analysisrequires significant computing power.

Cruz et al. 4] 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 gralpite 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 filmsThe analysis showed that gas inlet and outlet zosesgel 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
maintainthe integrity of the fuel cell stack and prologue its lifetime.

Charon et al.35] suggested a humerical method towards stress calculation in a PEM fuel cell stack. A
finite element model submitted to operational static load is developed for pure mathaaigsis 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 propestiThe distribution of stresses computed at stack level was applied

as boundary conditions on detailed models for only a selected sensitive anedyr@local phenomena.
However, their method gives good results for the calculation of stresses deesséimbly 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 operatiendifficult. It requires multiphysics 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 thredimensional finite elememhodel of a bolted PEM fuel cedtackusing

the commercial software SolidWorks 2012. Then, the model was analyzed though commercial software
ANSYS 15.0 while the model was subjected to different bokigadings and thermal loading. Finally,

the effects of variations of bolt pteading on tle 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,
catlyst 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 preloadings. In addition, the swelling ofdhmembrane 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 wherungiarmity as a form of hydration profile

acrass the membrand ).

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

1.5. Aim of this work

In thiswork, full scalethree dimensionatoupledsolid mechanics anithermofluid models to predict the
mechanical anthygrothermal stresses induced during the PEM fuel cell staaskmbly, and operation

has been presented. The detadaetllingthermalstructure interactions and resulting stress distributions

in the stackcomponents were addressed to improve our basic understanding of the mechanical behavior
of PEM fuel cell stackguring operation

2. PEM fuel cell stack model

The difficult experimental environment of fuel cell systems has stimulated efforts to devadejsrthat

could simulate and predict mutfimensional 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 tséar, 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 dat&itiogu CFD complements
physicalmodelingand 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 fl@wvIn many cases, we can build and analyze virtual models at a fraction of
the time and cost of physicalodeling This allows us to investigate more design options and "what if"
scenarios than ever before. Moreover, flodelingprovides insights into auluid flow problems that

would be too costly or simply prohibitive by experimental techniques alone. The added insight and
understanding gained from flomodelinggives us confidence in our design proposals, avoiding the
added costs of ovaizing and oer-specification, while reducing risk.
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CFD modelingis 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, andn 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 claping plate and rod assembly is shown in Figure 1. The stack model
simulated includes the following components; two-ptates, two current plates, two-pdlar plates, two

GDLs, two gasketsand, an MEA (membrane plus two CLs) as shown in Figuigofh cdahode and

anode have straight gas flow channelsquare cross section area of 1nine upper face of the cathode
bi-polar plate has aserpentinewater flow channelin square cross section area of 2material
properties and dimensions of each compoaeatshown in Table 1.

Figure 1.Threedimensional computational domain ttee PEM fuel cell stack
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Figure 2. Description of the different stack componentomputational 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 Nafior?  Carbon Carbqn C15720  Silicord  Stainless
paper graphite  copper steel
Youngds modu Table2 10 10 110 0.54 209
Density [kg/n] 2000 400 1800 8700 2330 7800
Poi ssondés ra 025 0.25 0.25 0.35 0.30 0.25
Expansion coeff. [K] 123€® -0.8¢® 5e® 17¢b 62¢® 12¢°
Conductivity [W m! K] 0.455 17.122 95 385 0.517 445
Specific heat [J k§ K7 1050 500 750 385 932 460
Dimensions [mm] 80x80 50x50 100x100 100x100 80x80  150x 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 [%0]

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. Solidmechanicamodel

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 veatdrcell materials expansion due to heat
generating in catalyst layers. Additionally, the repetitive charibgdattern 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 resistancesth(bat the ribeGDL and membran&DL
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. Solidnechanicanodelduring assembly
The mechanical stima induced in the components by the stacking and clamping process (assembly

process) can be wr i4538n from Hookeds | aw as |
1+u u
Pwm :?su - Eai’jskk ()
where E i s Yaungobtsh emoPdouiIsusso,n()sa{jdelaotesitbeKmmeckErldeéta,mate|

S; is the stress tensor, asty, =S;;+5,,%53;.
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2.1.2. Solidnechanicamodelduring operation

When running fuel cell stack, temperature and humidity are quitigal factorsin 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 dghgcted by tightening of the screvolts.

The thermal strains resulting from a change in temperature of an unconstsaitre@ic volume are

given by [4, 3];

Pr =A (T - TRef ) )

whereA is thermal expansion [1/K].

The swelling strains caused by moisture change in membrane are givel; by [3

Ps = Omem(A - ARef ) (3)

whereO .., is membrane humidity swellirgxpansion andd is the relative humidity [%].

2.2. Thermafluid model

2.2.1 Gas flow channels

In the fuel cell channels, the glsw field is obtained by solving the steadiate NavieiStokes
equations, i.e. the continuity equation, the mass conservation equateacfophase 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 givendpy [

Bdr,ru,)=0 @)

and for the liquid phase inside the channel becomes;

D ru)=0 (5)
whereu is velocity vector [m/s]r is density [kg/m.

Two sets of momentum equations are solved in the chararadsthey share the same pressure field.
Under these conditions, it can be shown that the momentum equations bebdn®ig;[

Ddr,u,Au,- mpu,)=- %g@%%mggm%(ﬂugﬂ ©)
J‘E)C'Q/’|u| Aul B n?Dul):' E?%"’%”?D(Dh §+DCE’77(DU|)T] (7)

whereP is pressure [Pa}ris viscosity [kg/(n®)].

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 equatien in multi
component, multphase flow can be written in the foNing expression for specie§l];

e N M &3 PM o bPg 9
& fyrgYia by M_%yi +y,-vc_)+(xj - yj) put
p (e j=1 j €6 -
e . pT
e T
ggrgyi@'g+Di T

cC

coro oo

where T is temperature (K)y is mass fractionx is mole fraction,D is diffusion coefficient [r¥s].
Subscripti denoteoxygen at the cathode side and hydrogen at the anode sideisander vapour in
both cases. Nitrogen is the third species at the cathode side.
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The MaxweltStefan diffusion coefficients of any two species are dependent on temperature and
pressure. They can be calculated according to the empirical relation based orgksétieory 1,31];

R Y2
T3 10°3 1 19
D, = A ©)
1] < 2 v <
&.. §° a. 61/39 eMi My
P@B@. Vi O +8@.ij0 u
gk T oKt

In this equation, the pressure is in atm and the binary diffusion coeffizjéstn [cn?/s]. The values for
(8 v,) are given by Fuller et alsee ref[1].

The temperature field isbtained by solving the convective energy equation;
b c.b’g (rnggugT - ngT» =0 (10)

whereCpis 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 thermodynafiiciusguihence, 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 Wweldlass transfer in the form of evaporation

(r# >O) and condensatior(r# <O) is assumed, so that the mass balance equations for both

phase phase
phases arel] 317;
DA(1- saf)r ai,)= .. (11)
b Clésatrl a“ll ) = r#phasl (12)

wheresatis saturationgis porosity

The momentum equation for the gas phase reduces
relative permeability for the gas phas). The relative permeability accounts for thduetion in pore

space available for one phase due to the existence of the secondlpBdke |

The momentum equation for the gas phase inside the gas diffusion layer becomes;

u, =- (1- sa)KpBP/m (13)
whereKp is hydraulic permeability [A).

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 lowsaturation regions3[/]. Therefore, the momentum equation for the liquid phase inside the gas
diffusion layer becomes;
u =- ﬁE)P+E£E)sat (14)

m m psat

whereP is capillary pressure [Pa].

The functional variation of capillary pressure with saturation is prescribed following Le\&fettto
has shown that;

o e ~1/2
P :f%k_Pg (L4171~ sa)- 21201 saff’ +1.2641- saff) (15)
wheref is surface tension [N/m].
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The liquid phase consists of pure water, wttie gas phase has multi components. The transport of each
species in the gas phase is governed by a general conwaitficsion equation in conjunction which the
StefanMaxwell equations to account for multi species diffusion;

e N M & bM § bPg
& (1- sat)r ey, Di.—%)f Yy ——0F(X -y ) —p
ch'( )geylazl JMjg;yJ yJM;(J y,)PH

e " pT
S(l' sat)r ey, (n, +eD] Ea

phast

+g
u
u
u
u

In order to account for geometric constraints of the porous media, the diffusivities are corrected using the
Bruggemann correction formula,[31, 3T;

eff _ 5
D" =D;3 ¢ (17)
The heat transfer in the gas diffusion layisrgoverned by the energy equation as folloWws3[L,37];
DC«J‘_ Sat)(rgd:pgug-r - keﬁ,gé)T»z e Tsolid - T)_ a#phasg_levap (18)

whereke is effective electrode thermal conductivity [WAB); the term [gb(Tsoidl T)], on the right hand

side, accounts for the heat exchange to and fronsahé 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 3y [3
pdy pr)=0 (19)

where/ eis 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 overand undersaturatioas well as the amount of liquid water present to the amount of
water undergoing phase change.

In the case oévaporation such relations must be dependent on (i) the level of undersaturation of the gas
phase in each control volume and on (ii) the surtaea 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 L, 37].

The evaporation rate of a droplet in a convective stream depends on the uatteokaturationthe

surface area of the liquid droplet, and a (diffusivity dependent)-tressfer coefficient. The mass flux

of water undergoing evaporati in each control volume can be represente®bly [

_ Xwo = Xuo
r#levap_ IVIHZO 4 I\ID kxmp Ddrop 10_ Xwo (20)
where Dy, is Diameter of droplet water [mK,,, is Mass transfer coefficient [mol/@&s)], N, is

number of dropletsy is Scaling parameter for evaporation.

The bulk concentrationx,,, is known by solving the continuity equation of watapor. To obtain the
concentration at the surfasg,, , 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 concentratiobecaalculated based on
the saturation pressure and is only a function of temperature.

ISSN2076:2895(Print), ISSN20762909(0Online) ©2018 International Energy& Environment Foundation. All rights reserved.



12 International Journal of Energy and Environment (IJEE), Volume 9, Issue 1,[30126

The heatransfer coefficient for convection around a sphere is well established, and by invoking the
analogy between convective heat and mass transfer, the followisgnanasfer coefficient was obtained
by Berning and Dijilali 37;

o o J/
Calr DH O e aDdropvﬂ rg 6]/ a /7& Q ?
kxm_ : @2 06€£ 8 & 8 l(l (21)
Ddrop 8 g ng - ?QDHZO+ H

Itis further assumed that all droplets have a specified diabgigr and the number of droplets in each

control volume is found by dividinthe total volume of the liquid phase in each control volume by the
volume of one droplet;

satV,,

Ny =
1 s
Eld:)drop

(22)

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

The case ofondensatioris 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 aadle for condensation shrinks with an increasing amount of liquid water
present. Berning and Dijilali3[f] assumed that the rate of condensation depends only on the level of
oversaturation of the gas phase multiplied by a condensation constant. Thomsthdlux of water
undergoing condensation in each control volume can be represented by;

— Xwo = Xum
H, =V C——= 23
ond = 1- Xwo ( )

where C is condensation constant.

2.2.3 Catalyst layers

The catalyst layer is treated as a thin interface, where sink and sourcefderthe 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 giver3dy [

M

_ 0,

= 2 24
e (24)

whereF i s Faradayds c o0n $tisacathode (08ab cui@ent dgngity [@pMes] ) ,

molecular weight [kg/mole].
Whereas the sink term for hydrogen is specified as;

H,

=- i 25
2 2F a ( )
wherei, is anode local current density [Afmn
The production of water is modelled as a source terms, and hence can be written as;
M H,O :
=—=| 26
S|—<20 2F c ( )
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The generation of heat in the cell is due to entropy changes as weikwesrdibility's due to the
activation overpotentiall] 3, 31;

Ds g
GF—' (nF )+/7actgl (27)

where ¢f is heat generation [W/AD ne is number of electrons transferis specific entropy [J/(mole.K)],
hactis activation overpotential (V).

The local current density distribution in the catalyst layers is modelled by the-Botteer equation,
38, 39;

) aC, ® aaF 0] 3 aF [07]
refa (©)
IC OC & 0 2 hac C o+ e % < hac C ) 28
, éa:g:f fxp(;aeRT t, = ng RT t, % ( )
é’;sc 0 e aaF g & aF 0%
Ia = I;eaf H2 O 4 )<p % hac a O+ em& - hac a ) (29)
a0 EOCRT e OTOPE TR et N

ref .

where C is local hydogen concentration [mole/m:%](:H is reference hydrogen concentration

ref .

[mole/n¥], CO is local oxygen concentration [mole/m3p is reference oxygen concentration

[mole/n®], i’ is anode reference exchange current denﬁfé/,ls cathode reference exchange current

0,a

density,Ris universal gas constant (8.314 [J/(n@)), a. is charge transfer coefficient, anode side, and
acis charge transfer coefficient, catte side.

2.2.4 Membrane

The balance between the eleetsmotic drag of water from anode to cathode and back diffusion from
cathode to anode yields the net @rdtux through the membrane [3,,4];

i .
Nu =M 0= - pdrp,bg,) (30)

whereNy is net water flux across the membrane [kg@, nq is electreosmotic drag coefficient.

The water diffusivity in the polynmiecan be calculated as follow [1, 3,]3

D, =132 101°expe241% =y (31)
U

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

mol HZO/equivaIentsql). The water content in the electrolyte phase is related to water vapour
activity via [1];

¢, =0.043+17.81a- 39.85° +360a° (0<at1l)
¢, =140+1.4(a- 1) (1<ac¢?3) (32)
c, =168 (a2 3)
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The water vapour activity a given by;

a=XyP/ Py (33)
Heat transfer in the membrane is governed by;

bk . ®T)=0 (34)
wherekmemis membrane thermal conductivity [W/@0)].

The potential loss in the membrane is duedsigtance to proton transport across membrane, and is
governed by1, 3, 31];

pd/ Bf)=0 (35)
where/ nis membrane ionic conductivity [S/m].

The membrane type is Nafin Bernardi and Verbruggel] developed thefollowing theoretical
expression for the electric conductivity of the fully humidified membrane;

F2
[ = ﬁ .Zf 'DH .Cf (36)

m

where Z; is Fixedsite charge,D,f, is Protonic diffusion coefficient [#s], Ci is Fixed charge
concentratia [mol/n¥].

2.3.Modelingparameters

Choosing the rightnodelingparameters 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 Huiegensiondity, a proper choice of theodeling
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 modelingdomain 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
therma 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
procedureThe assembly was clamped together with egiits. 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 lokdlpe

The cell operates at a nominal current density of 1.2 A/de 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 laag conditions. Values of the operating conditions and
electrochemical transport parameters are listed in Tableh&.governing equations were discretized
using a finitevolume method and solved using a mphiysics 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 praeufficient spatial resolution (Figure 3)he

coupled set of equations was solved iteratively, and the solution was considered to be convergent when
the relative error was less than 1.0®%10 each field between two consecutive iterations.
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Table 3. @erating conditions and electrochemical transport paraniéiers

Parameter Symbol Value

Air pressure (Cathode pressure) [atm] P 3

Fuel pressure (Anode pressure) [atm] P, 3

Air stoichiometric flow ratio X, 2

Fuel stoichiometric flow ratio X, 2

Relative humidity of inlet air [%0] A . 100

Relative humidity of inlet fuel [%] A . 100

Ambient temperature [K] Tamb 298.15

Air inlet temperature [K] T 353.15

Fuel inlet temperature [K] T 353.15

Inlet Oxygen/Nitrogen ratio Y 0.79/0.21
Hydrogen reference mole fraction anf: 0.84639
Oxygen reference mofeaction xge; 0.17774
Electrode initial porosity e 0.4
Electrode electronic conductivity /o 100 S/m
Membrane ionic conductivity (Nafiéi17) /' m 17.1223 S/m
Transfercoefficient, anode side a, 0.5

Transfer coefficient, cathode side a. 1

Cathode reference exchange current density icr)’ecf 1.8081€ A/Im?
Anode reference exchange current density igi{ 2465.598 A/m
Electrode thermal conductivity Kest 1.3 W/m.K
Membrane thermal conductivity Kmem 0.455 W/im.K
Electrode hydraulic permeability kp 1.76e!!t m?
Entropy change of cathode sidmction DS -326.36 J/mol.K
Heat transfer coef. between solid and gas phase b 4e6 W/ni
Protonic diffusion coefficient D, 4.5e° m?/s
Fixed-charge concentration Cs 1200 molm®
Fixedsite charge z; -1
Electroosmotic drag coefficient Ng 2.5

Droplet diameter Darop 1e®m
Condensation constant C le®

Scaling parameter for evaporation v 0.01
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Figure 3. Computational mesh of a PEM fuel cell stack.

3. Results anddiscussion

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 needtold 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 differemtpooents 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 distributicectkases from inside to the outside walls due to heat
flow to the ambient temperature. It is seen that the boundary temperature is lowest (869 #i the

bipolar platescurrent collectorsandendplates boundaries due to the large temperaturesdiifice (heat

loss towards the surroundings).

The PEM fuel cell stack is a sandwilitke 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 metkaglre 5 shows the total displacement
distributionwith a maximum value near the edgeshe PEM fuel cell stackuring assembly process

and alsoduring operationThe centreof the electrode tends to 4lisplacement. This udisplacement

area increases by increasing the clamping torque. This effect confirms the hypothesis of plate
deformation during the tightenindgzurthermore, Figure5 shows high deformatios in the stack
componentsduring operationThis is due to the more pressure producing from the thermal expansion of
the stack componentsiaterials and membrane swelling during operation with a fieéative position
between the top and bottom end plates

In PEM fuel cel$ 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 stamkmpression hardware to fasten cell components with a
defined and homogeneous pressure. If these requirements are not accurately fulfilled, the function and
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