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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. 

Copyright © 2018 International Energy and Environment Foundation - All rights reserved. 
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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 MEAôs 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 Poissonôs ratios and Youngôs 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 Poissonôs ratios and Youngôs 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 authorôs knowledge, Al-Baghdadiôs 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 1mm. 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 

plate 

Current 

collector 

Gasket End plate 

Material 
Nafioná 

 

Carbon 

paper 

Carbon 

graphite 

C15720 

copper 
Siliconá 

 

Stainless 

steel 

Youngôs modulus [GPa] Table 2 10 10 110 0.54 209 

Density [kg/m3] 2000 400 1800 8700 2330 7800 

Poissonôs ratio 0.25 0.25 0.25 0.35 0.30 0.25 

Expansion coeff. [K-1] 123e-6 -0.8e-6 5e-6 17e-6 62e-6 12e-6 

Conductivity [W m-1 K-1] 0.455 17.122 95 385 0.517 44.5 

Specific heat [J kg-1 K -1] 1050 500 750 385 932 460 

Dimensions [mm] 80 x 80 50 x 50 100 x 100 100 x 100 80 x 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®. 

 

Young's modulus [MPa] 
Relative humidity [%]  

30 50 70 90 

T=25 C 197 192 132 121 

T=45 C 161 137 103 70 

T=65 C 148 117 92 63 

T=85 C 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 Hookeôs law as [4, 5, 31]; 

 

kkijijM
EE
sd

u
s
u

p -
+

=
1

  (1) 

 

where E is Youngôs modulus, u is the Poissonôs ratio of the material, ijd  denotes the Kronecker delta, 

ijs  is the stress tensor, and 332211 ssss ++=kk . 
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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]; 
 

( )
fT TT Re-Â=p                       (2) 

 

where Â is thermal expansion [1/K]. 

 

The swelling strains caused by moisture change in membrane are given by [31]; 

 

( )fmemS ReÁ-Á=0p
                  (3) 

 

where mem0  is membrane humidity swelling-expansion and Á is the relative humidity [%]. 

 

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 (r) 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]; 
 

( ) 0=ÖÐ gggr ur                             (4) 

 

and for the liquid phase inside the channel becomes; 

( ) 0=ÖÐ lllr ur                              (5) 

 

where u is velocity vector [m/s], r is density [kg/m3]. 

 

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]; 

( ) ( )[ ]T

gggggggggg Pr uuuuu ÐÖÐ+ö
÷

õ
æ
ç

å
ÖÐ+-Ð=Ð-ÃÖÐ mmmr

3

2
  (6) 

 

( ) ( )[ ]T

llllllllll Pr uuuuu ÐÖÐ+ö
÷

õ
æ
ç

å
ÖÐ+-Ð=Ð-ÃÖÐ mmmr  

3

2
      (7) 

 

where P is pressure [Pa], m is viscosity [kg/(mÖs)]. 

 

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]; 
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 (8) 

 

where T is temperature (K), y is mass fraction, x is mole fraction, D is diffusion coefficient [m2/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]; 
21
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In this equation, the pressure is in atm and the binary diffusion coefficient Dij is in [cm2/s]. The values for 

( )ä kiV  are given by Fuller et al., see ref. [1]. 

The temperature field is obtained by solving the convective energy equation; 
 

( )( ) 0=Ð-ÖÐ TkTCpr ggggg ur              (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 

( )0>phasem#  and condensation ( )0<phasem#  is assumed, so that the mass balance equations for both 

phases are [1, 31]; 

 

( )( )
phasegg msat #=-ÖÐ uer1                   (11) 

 

( ) phasell msat #=ÖÐ uer.                       (12) 
 

where sat is saturation, e is porosity  

 

The momentum equation for the gas phase reduces to Darcyôs 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; 
 

( ) gg PKpsat mÐ--= .1u                   (13) 
 
 

where Kp is hydraulic permeability [m2]. 

 

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; 
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where Pc is capillary pressure [Pa]. 
 

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

has shown that; 
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where t 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; 
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In order to account for geometric constraints of the porous media, the diffusivities are corrected using the 

Bruggemann correction formula [1, 31, 37]; 

 
5.1e³= ij

eff

ij DD                          (17) 

 

The heat transfer in the gas diffusion layers is governed by the energy equation as follows [1, 31, 37]; 

 

( )( )( ) ( ) evapphasesolidgeffggg HmTTTkTCpsat D--=Ð--ÖÐ #eebeer ,1 u    (18) 

 

where keff is effective electrode thermal conductivity [W/(mÖK)]; the term [eb(TsolidīT)], 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]; 

( ) 0=ÐÖÐ fle                            (19) 

 

where le 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]; 
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ww
dropxmDOHevap

x

xx
DkNMm
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= ¤pv#    (20) 

 

where dropD  is Diameter of droplet water [m], xmk  is Mass transfer coefficient [mol/(m2.s)], DN  is 

number of droplets, v is Scaling parameter for evaporation. 

 

The bulk concentration 
¤wx  is known by solving the continuity equation of water vapor. To obtain the 

concentration at the surface
0wx , 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]; 
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It is further assumed that all droplets have a specified diameterdropD , and the number of droplets in each 

control volume is found by dividing the total volume of the liquid phase in each control volume by the 

volume of one droplet; 
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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; 
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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]; 
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where F is  Faradayôs constant (96487 [C/mole]), ic is cathode local current density [A/m2], M is 

molecular weight [kg/mole]. 

Whereas the sink term for hydrogen is specified as; 
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where ia is anode local current density [A/m2] 

 

The production of water is modelled as a source terms, and hence can be written as; 
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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]; 
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where q# is heat generation [W/m2], ne is number of electrons transfer, s is specific entropy [J/(mole.K)], 

hact is activation overpotential (V). 

 

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

38, 39]; 
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where 
2HC  is local hydrogen concentration  [mole/m3], 

ref

HC
2

is reference hydrogen concentration 

[mole/m3], 
2OC is local oxygen concentration [mole/m3], 

ref

OC
2

is reference oxygen concentration 

[mole/m3], 
ref

aoi ,  is anode reference exchange current density, 
ref

coi ,  is cathode reference exchange current 

density, R is universal gas constant (8.314 [J/(moleÖK)]), aa is charge transfer coefficient, anode side, and 

ac 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]; 

 

( )WWOHdW cD
F

i
MnN ÐÖÐ-= r

2
         (30) 

 

where Nw is net water flux across the membrane [kg/(m2Ös)], nd is electro-osmotic drag coefficient. 

 

The water diffusivity in the polymer can be calculated as follow [1, 3, 31]; 
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The variable Wc  represents the number of water molecules per sulfonic acid group (i.e.

1

32  equivalent mol -SOOH ). The water content in the electrolyte phase is related to water vapour 

activity via [1]; 
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The water vapour activity a given by; 

 

satW PPxa=                               (33) 

 

Heat transfer in the membrane is governed by; 

 

( ) 0=ÐÖÖÐ Tkmem                       (34) 

 

where kmem is membrane thermal conductivity [W/(mÖK)]. 

 

The potential loss in the membrane is due to resistance to proton transport across membrane, and is 

governed by [1, 3, 31]; 

 

( ) 0=ÐÖÐ flm                          (35) 

 

where lm is membrane ionic conductivity [S/m]. 

 

The membrane type is NafionÑ. Bernardi and Verbrugge [1] developed the following theoretical 

expression for the electric conductivity of the fully humidified membrane; 

 

fHfm CDZ
RT

F
...

2
+=l    (36) 

 

where Zf is Fixed-site charge, 
+

HD  is Protonic diffusion coefficient [m2/s], Cf is Fixed charge 

concentration [mol/m3]. 

 

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/cm2. 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 1.0×10-6 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] 
cP
 

3 

Fuel pressure (Anode pressure) [atm] 
aP
 

3 

Air stoichiometric flow ratio 
cx 

2 

Fuel stoichiometric flow ratio  
ax 

2 

Relative humidity of inlet air [%] 
cÁ  

100 

Relative humidity of inlet fuel [%] 
aÁ  

100 

Ambient temperature [K] Tamb 298.15 

Air inlet temperature [K] 
cellT

 
353.15 

Fuel inlet temperature [K] 
cellT

 
353.15 

Inlet Oxygen/Nitrogen ratio y
 0.79/0.21 

Hydrogen reference mole fraction ref

H
x

2  
0.84639 

Oxygen reference mole fraction ref

O
x

2  
0.17774 

Electrode initial porosity e 0.4 

Electrode electronic conductivity el  
100 S/m 

Membrane ionic conductivity (Nafioná117) ml  
17.1223 S/m 

Transfer coefficient, anode side aa  
0.5 

Transfer coefficient, cathode side ca  
1 

Cathode reference exchange current density ref
coi ,  

1.8081e-3 A/m2 

Anode reference exchange current density ref
aoi ,  

2465.598 A/m2 

Electrode thermal conductivity effk
 

1.3 W/m.K 

Membrane thermal conductivity memk  
0.455 W/m.K 

Electrode hydraulic permeability kp  1.76e-11 m2 

Entropy change of cathode side reaction SD  -326.36 J/mol.K 

Heat transfer coef. between solid and gas phase b 4e6 W/m3 

Protonic diffusion coefficient +H
D

 
4.5e-9 m2/s 

Fixed-charge concentration fc
 

1200 mol/m3 

Fixed-site charge fz
 

-1 

Electro-osmotic drag coefficient dn  
2.5 

Droplet diameter dropD
 

1e-8 m 

Condensation constant C  1e-5 

Scaling parameter for evaporation v 0.01 
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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 


