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Abstract 

The Proton Exchange Membrane Fuel Cell (PEMFC) is a promising candidate for many appli-

cations particularly for the transportation in order to decarbonize this sector. Of the barriers, 

cost and durability represent two of the most significant challenges to achieving clean, reliable 

and cost-effective fuel cell systems. Proper management of the liquid water and heat produced 

in PEM fuel cells remains crucial to increase both its performance and durability. Indeed, large 

liquid water and temperature variations in the cell may accelerate long-term structural problems 

until irreversible degradation (membrane micro-cracks, pinholes, alteration of the catalyst 

chemical composition, etc.). 

 

In this study, the complex theory of two-phase flow in PEM fuel cells is reviewed with a focus 

on the local volume-average of the conservation equations in a porous medium. From this the-

oretical analysis, two multiphysics and multi-component models are developed considering 

one-fluid and two-fluid thermodynamics to investigate the liquid water heterogeneities in large 

area PEM fuel cells. Both models consider the cell as a multi-layered system where each com-

ponent is accurately in-plane discretized. This pseudo-3D approach is implemented in the com-

mercial COMSOL Multiphysics® software to simulate a large surface cell operation with a 

reasonable computing time while keeping the real flow-field design. Numerical results are com-

pared to liquid water measurements obtained by neutron imaging for several operating condi-

tions. The advantages and drawbacks of both models are discussed. In addition, a sensitivity 

study is performed to analyze some key parameters in the modeling of water transport mecha-

nisms. Finally, the numerical water distribution is examined in each component of the cell with 

both models. 
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Résumé 

La pile à combustible à membrane échangeuse de protons (ou PEMFC selon l'acronyme an-

glais) est une option sérieuse dans de nombreuses applications notamment pour décarboner le 

secteur du transport. Parmi les obstacles, le coût et la durabilité représentent les deux défis 

principaux à relever pour réaliser des systèmes de piles à combustible propres, fiables et ren-

tables. Une bonne gestion de l'eau liquide et de la chaleur produites dans les piles à combustible 

de type PEM est cruciale pour augmenter à la fois ses performances et sa durabilité. En effet, 

de grandes variations d'eau liquide et de température peuvent détériorer de façon irréversible la 

structure des cellules (microfissures dans la membrane, changement de la composition chi-

mique des catalyseurs, etc.). 

 

Dans cette étude, la théorie complexe des écoulements diphasiques dans les piles à combustible 

de type PEM est décrite en mettant l'accent sur la moyenne volumique locale des équations de 

conservation en milieu poreux. À partir de cette analyse théorique, deux modèles multiphy-

siques et multi-composants ont été développés en considérant dans un premier temps un écou-

lement monophasique puis diphasique pour étudier les hétérogénéités de l'eau liquide dans les 

piles à combustible de grande surface. Les deux modèles considèrent la cellule comme un sys-

tème multicouche où chaque composant est discrétisé selon son épaisseur. Cette approche 

pseudo-3D est implémentée dans le logiciel commercial COMSOL Multiphysics® pour simu-

ler le fonctionnement d’une cellule grande surface avec un temps de calcul raisonnable tout en 

représentant de manière fidèle le design des plaques bipolaires. Les résultats numériques sont 

comparés à des mesures d'eau liquide obtenues par imagerie neutron pour plusieurs conditions 

opératoires. Les avantages et inconvénients des deux modèles sont discutés. De plus, une étude 

de sensibilité est réalisée pour analyser certains paramètres clés dans la modélisation des mé-

canismes de transport de l'eau. Enfin, la distribution de l'eau est examinée dans les différents 

composants d’une cellule avec les deux modèles.
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Nomenclature 

 

Acronym 

1D  One-dimensional 

1-F  One-Fluid 

2D  Two-dimensional 

2-F  Two-Fluid 

3D  Three-dimensional 

AFC   Alkaline Fuel Cell 

BEV  Battery Electric Vehicles 

BP   Bipolar Plate 

CEA  Commissariat à l'énergie atomique et aux énergies alternatives 

CFD   Computational Fluid Dynamics 

CL   Catalyst Layer 

CPU  Central Processing Unit 

CW   Cooling Water 

DC  Direct Current 

DNS   Direct Numerical Simulation 

DOE   Department of Energy 

DOF   Degrees of Freedom 

EO   Electro-Osmotic 

EOD   Electro-Osmotic Drag 

FC  Fuel Cell 

FCS   Fuel Cell System 

FEM  Finite Element Method 

GC   Gas Channel 

GDE  Gas Diffusion Electrode 

GDL   Gas Diffusion Layer 

GHG   GreenHouse Gas 

HEM   Homogeneous Equilibrium Model 

HFCEV  Hydrogen Fuel Cell Electric Vehicles 

HOR   Hydrogen Oxydation Reaction 
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HT-PEMFC  High Temperature Proton Exchange Membrane Fuel Cell 

ICEV   Internal Combustion Engine Vehicle 

IEA  International Energy Agency 

LBM   Lattice Boltzmann Method 

L-M   Lockhart-Martinelli 

LT-PEMFC  Low Temperature Proton Exchange Membrane Fuel Cell 

M²  Multiphase Mixture 

MCFC  Molten Carbonate Fuel Cell 

MD   Molecular Dynamics 

MEA   Membrane-Electrode Assembly 

MPL   Micro-Porous Layer 

MUMPS  MUltifrontal Massively Parallel Sparse direct Solver 

NEDC  New European Driving Cycles 

NMR  Nuclear Magnetic Resonance 

N-S   Navier-Stokes 

ORR   Oxygen Reduction Reaction 

P3D  Pseudo-3D 

PAFC   Phosphoric Acid Fuel Cell 

PARDISO  PARallel sparse DIrect SOlver 

PDE   Partial Differential Equations 

PEM   Proton Exchange Membrane 

PEMFC  Proton Exchange Membrane Fuel Cell 

PFSA   PerFluorocarbon-Sulfonic Acid 

PIF   Phase Indicator Function 

PNM   Pore Network Modeling 

PTFE   PolyTetraFluoroEthylene 

QM  Quantum Mechanics 

RAM  Random Access Memory 

REV  Representative Elementary Volume 

RH  Relative Humidity 

RHS   Right-Hand Side 

VOF   Volume of Fluid 

WLTP  Worldwide harmonized Light duty driving Test Procedure 

WRI  World Resources Institute 
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Latin 

A   Surface        m² 

Ac   Channel section       m² 

a  Water activity        ‒ 

ai  Thermodynamics parameters (Nernst equation)   V, V/K 

aEO  Electro-osmotic drag coefficient     ‒ 

C  Parameter depending on the flow regime (according to L-M) ‒ 

cf  Molar concentration of sulfonate sites    mol/m3 

d  Pore diameter (or characteristic length of a pore)   m 

dc  Hydraulic diameter       m 

D  Diffusion coefficient       m²/s 

Dm  Mass diffusion coefficient      m²/s 

DM  Membrane water diffusivity      m²/s 

Erev   Reversible potential       V 

e  Thickness, component thickness     m 

ex  Unit vector in the x direction (Cartesian coordinates)  ‒ 

ey  Unit vector in the y direction (Cartesian coordinates)  ‒ 

ez  Unit vector in the z direction (Cartesian coordinates)  ‒ 

F  Faraday constant       C/mol 

H0   Free enthalpy        J/mol 

h  Mesh element size       m 

g  Gravitational acceleration vector     m/s² 

I  Identity tensor        ‒ 

i  Current density       A/m²  

  Intensity (Lambert-Beer law)      cd 

i0  Intensity of the dry cell image (Lambert-Beer law)   cd  

j  Diffusive flux        kg/(m²⸳s) 

J(s)  Leverett J-function (saturation dependent)    ‒ 

Jconv
+  Jconv

−  Convective mass-fluxes across the layers (P3D)   kg/(m²⸳s) 

Jdiff  Diffusive flux through the membrane    kg/(m²⸳s) 

Jdiff
+  Jdiff

−  Diffusive mass-fluxes across the layers (P3D)   kg/(m²⸳s) 

JEO  Water electro-osmotic drag      kg/(m²⸳s) 
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K  Absolute permeability      m² 

K2  Forchheimer correction tensor     ‒ 

Krk  Relative permeability of the k-phase     ‒ 

l  Characteristic length of the REV     m 

L  System dimension       m 

M  Mass molar        kg/mol 

ṁ  Mass flow rate       kg/s  

N  Number        ‒ 

n  Bruggeman factor       ‒ 

nf  Unit vector perpendicular to Asf     ‒ 

nk  Unit vector perpendicular to AIk     ‒ 

Key parameter in the two-phase flow modeling   ‒ 

P p  Pressure        Pa 

QT  Joule effect        W/m² 

R   Universal gas constant      J/(mol⸳K)  

  Cell internal resistance      Ω 

r  Mass source induced by the electrochemical reaction  kg/(m3⸳s) 

S  Mass source term       kg/(m3⸳s)  

  Liquid-gas velocity ratio      ‒ 

S0  Free entropy        J/(mol⸳K) 

SIk  Mass source term at the k-phase interface    kg/(m3⸳s) 

Ssf  Mass source term at the solid-fluid interface    kg/(m3⸳s) 

s  Liquid saturation, saturation, liquid volume fraction  ‒ 

T  Stress tensor        N/m²  

  Temperature        K or °C 

t  Water thickness (Lambert-Beer Law)    m  

  Time         s 

u  Velocity in the x direction (Cartesian coordinates)   m/s 

Ucell  Uniform cell potential      V 

V  Volume, total volume       m3 

V  Velocity vector       m/s 

VI   Microscopic velocity vector of the k-phase interface  m/s 

VΓ  Mean velocity vector weighted by the phase change  m/s 
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v  Velocity in the y direction (Cartesian coordinates)   m/s 

w  Velocity in the z direction (Cartesian coordinates)   m/s 

x  Gas quality        ‒ 

X  Martinelli parameter       ‒ 

Y  Mass fraction        ‒ 

 

Greek 

α  Volume fraction       ‒ 

β  Empirical coefficient       V, V/K 

ΓIk  Mass transfer due to phase change     kg/(m3⸳s) 

∆H0  Enthalpy of reaction       J/mol 

δI  Dirac (delta) generalized function     ‒ 

ε  Porosity        ‒ 

η   Overpotential (activation and diffusion)    V 

ηohm  Ohmic losses        V 

θ  Contact angle        ° 

λ  Water content        ‒ 

λM  Electrolyte membrane water content     ‒ 

μ  Dynamic viscosity       Pa⸳s 

ρ  Density        kg/m3 

σ  Electrical or proton conductivity     S/m 

  Liquid water/air surface tension     N/m 

τ  Viscous stress tensor       N/m²  

  Tortuosity        ‒ 

ϕg  Empirical two-phase multiplier (according to L-M)   ‒ 

χ  Phase Indicator Function (PIF)     ‒ 

ψ  Quantity        ‒ 
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Operator 

〈 〉  Ensemble averaging operator 

〈 〉f  Fluid volume-average (local intrinsic-average associated with the fluid-phase) 

〈 〉k  k-phase volume-average (local intrinsic-average associated with the k-phase) 

  ̿  Favre (or mass weighted) averaging operator 

 ̿f  Favre (or mass weighted) averaging operator associated to the fluid volume   

 ̿k  Favre (or mass weighted) averaging operator associated to the k-phase volume   

∇ ∙  Divergence  

∇  Gradient  

∇T  Transpose gradient  

∂

∂t
  Time derivative 

 

Superscripts 

′′  Fluctuating part 

eff  Effective 

Ik  Phase interface (between the k-phase and the other fluid phase as well as the 

solid matrix) 

sf  Solid-fluid interface 

 

 

Subscripts 

vapc Condensed water vapor 

c  Capillary, contact 

cell Cell 

Chi Chisholm 

comp  Component 

e Electronic 

f  Fluid, fluid-phase 

g  Gas, gas phase 

H2  Dihydrogen 
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H2O  Water 

Ik  Phase interface (between the k-phase and the other fluid phase as well as the 

solid matrix) 

j  Specie 

jf  j-specie in the fluid-phase 

jk  j-specie in the k-phase 

k  Liquid or gas phase, phase (≠ solid) 

l  Liquid, liquid-phase 

M  Membrane 

nw  Non-wetting phase 

O2  Dioxygen 

p Protonic 

s  Solid 

sat Saturation value 

sf  Solid-fluid interface 

T  Total, thermal 

v Vapor 

w  Wetting phase, water 

 

 

 

Prefix 

a Anode 

c Cathode 
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General Introduction 

Global warming is currently one of the major concerns with a world temperature increase of 

1.1°C since the beginning of the last century. The climate change is largely caused by human 

activity and in particular by the transport sector, which emits a large amount of greenhouse 

gases. The transition to a green mobility seems to be well integrated by a majority of the popu-

lation and governments. Electric cars are designed for an emission-free mode of transport as 

long as electricity is not produced in a polluting manner. However, electricity cannot be stored 

and its direct use through battery-powered vehicles reaches some limits in terms of autonomy 

and recharging time. 

 

Hydrogen today appears to be a viable solution in the storage of electrical energy from a CO2-

free source. The green hydrogen, produced notably by electrolysis, can be used as a clean fuel 

via fuel cells. Among the technologies envisaged, the Proton Exchange Membrane Fuel Cell 

(PEMFC) is the best solution to automotive application due to its excellent dynamic, high power 

density and good electrical efficiency especially thanks to its solid electrolyte. PEM fuel cells 

convert hydrogen into electrical energy when it reacts with oxygen to power a vehicle via an 

electric motor while only water and heat are emitted during the process. Despite a simple oper-

ating principle, the fuel cell is made-up of several key components that are closely interdepend-

ent to achieve optimal operation. Among them, the membrane, electrodes and gas diffusion 

layers forming the Membrane–Electrode Assembly (MEA) considered as the heart of the cell 

must ensure to well-defined mechanical and structural characteristics. Although promising, 

PEM fuel cells face some challenges in order to be large scale commercialized. The durability 

today appears to be the main issue to be solved. Indeed, degradations, which can be irreversible, 

are at the origin of the limited lifespan of PEM fuel cells. These degradations occur notably 

during a no-proper management of water and temperature.  

 

A growing need to better understand the mechanisms of water transport and phase change has 

been addressed by the scientific community. Accordingly, many numerical models have been 

proposed in recent years, in particular to represent the multiphase flow. Several modeling ap-

proaches in different layers in PEM fuel cells and at different scales were developed for decades 

to study the transport phenomena. 
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This manuscript is mainly dedicated, through four chapters and an appendix, to the investigation 

of liquid water heterogeneities in large area PEM fuel cells by using a two-phase flow mul-

tiphysics model. The first chapter establishes the background of the study by describing the 

challenges of electric mobility. The various components of a PEM fuel cell are also presented 

in detail as well as its working principle. Further, the water transport mechanisms are identified 

as well as their impact on the durability and performance of the fuel cell. Finally, a non-exhaus-

tive state of the art of two-phase flow models was presented at the end of the chapter. 

 

The complex theory of the conservation equations governing the transport phenomena in PEM 

fuel cell are explained in Chapter II. They are described for a single-phase and two-phase flow 

from the local and instantaneous equations. They are then averaged to obtain the macroscopic 

equations namely mass, species, momentum and energy balance applied to a porous medium. 

All the definitions and mathematical tools used in the local volume-averaging method over the 

Representative Elementary Volume (REV) are detailed in this chapter.  

 

In Chapter III, a one-fluid model, developed in a previous work [37], is improved and used in 

order to quantify and locate the liquid water in a large area fuel cell. This continuum mechanics 

model is implemented in a computational software with a Finite Element Method (FEM) reso-

lution. The equations, detailed in Chapter II for a one-phase flow, are discretized in the model 

according to their pseudo-3D formulation. After validation by comparison of the numerical 

results with neutron imaging tests under low power operating (humid) conditions, the model is 

able to provide helpful temperature, water content, current density, etc. maps at the stack scale 

but also in the different layers of a cell. Finally, a sensitivity analysis was performed on key 

coefficients in the water transport mechanisms.  

 

In the last chapter, a two-fluid model, also called Euler‒Euler model, based on the description 

of the conservation equations for each phase is developed to simulate a high power operation  

in an automotive application. Indeed, the one-fluid model reaches some limits when dry condi-

tions are simulated. The two-fluid model is validated by comparison with experimental tests 

obtained with neutron imaging. In such conditions, this latter model predicts a better description 

of the two-phase flow in PEM fuel cells compared to the one-fluid model. Accordingly, the 

water management is examined by exploiting the numerical results to finally analyze the distri-

bution of liquid water at the stack and component scales. 
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Introduction 

In the first chapter, the challenges around green mobility are briefly reviewed by introducing 

the hydrogen vector as a major asset in the decarbonation of the transport sector via Proton 

Exchange Membrane (PEM) fuel cell vehicles. The PEM operating principle is detailed as well 

as all the components constituting a cell. In addition, the main targets around PEM fuel cells to 

achieve a sufficient technology maturity are quickly discussed. Afterward, the mechanisms of 

water transport within a cell are presented in detail. Indeed, water management remains a com-

plex issue to solve in order to optimize performance and limit degradation of the fuel cell. Fi-

nally, a non-exhaustive state of the art of PEM fuel cell modeling is introduced with a focus on 

two-phase flow models. 

 

 

1. Mobility 

The transport sector mainly contributes to global Greenhouse Gas (GHG) emissions ‒ about 

14% of annual emissions (including non-CO2 gases) and around a quarter of CO2 emissions 

according to the World Resources Institute [1] from burning fossil fuels (also confirmed by 

2016 data from the International Energy Agency [2]). In France, it is the most important source 

of GHG emissions (31%) (Fig. I-1), ahead of emissions produced by buildings, agriculture or 

industry [3]. Among transportation, road travel represents 90% of emissions, mostly with cars, 

used by 72% of French people daily, followed by trucks and commercial vehicles [3]. It is 

expected in the coming years that the transport sector will become more and more prominent 

compared to other sectors due to a growing demand for human mobility and freight transport 

[1]. Mobility is therefore at the heart of the ecological transition in order to adopt a sustainable 

development model. The societal mentality is changing regarding transport, particularly road 

travel, with a desire to reduce its impact on the environment (car sharing, public transport, etc.). 

Government policies have also played a role in promoting the purchase of clean vehicles 

through financial bonuses or by regulating vehicle emissions. In this direction, the European 

Commission proposes in its green deal entitled Fit for 55 to reduce CO2 emissions from new 

cars by 55% by 2030 and to zero emission by 2035 [4]. 
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2. PEM Fuel Cell Electric Vehicles 

Fuel cell vehicles appear to be serious candidates in order to decarbonize the transport sector. 

They are electrically powered by converting chemical energy stored by fuel, usually hydrogen, 

into electricity via a fuel cell as the name suggests. Among the different fuel cell technologies, 

the Proton Exchange Membrane Fuel Cell (PEMFC) appears to be the most appropriate tech-

nology for automotive application due to its excellent dynamic, high power density, good elec-

trical efficiency (~ 60‒65%) [5] and solid polymer electrolyte. PEM fuel cells can be mainly 

distinguished in two different technologies according to the operating temperature:  Low Tem-

perature (LT-PEMFC) from 60 to 95°C and High Temperature (HT-PEMFC) from 120 to 

180°C. This work is exclusively focused on LT-PEMFC, only called PEMFC in the rest of the 

document. 

 

 

2.1 Hydrogen for Mobility 

As discussed before, in order to reduce GHG emissions, electric mobility is at the top of the list 

in the ecological transition of the transport sector if the electricity is produced in a renewable 

way (wind, hydro, solar, biomass, etc.). However, despite recent progress, electrical energy is 

reaching its limits in its direct use through batteries. Indeed, the electricity storage with batteries 

Fig. I-1. Greenhouse gas emissions by sector in France ‒ data from June 2019 Report [3]. 
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is challenging for the automotive application due to its volume, weight and recharge time. For 

example, the batteries of the Renault Zoé1  R110 have a weight of 326 kg for a total weight of 

1.5 t. They are recharged in 6h 55min (using a specific domestic plug called Wallbox - 7.4 kW) 

to achieve a maximum range of 395 km according to the WLTP2 cycle. However, the vehicle 

autonomy on the motorway (120-130 km/h) drops by around 40% compared to the WLTP cycle 

[6]. Therefore, the Hydrogen Fuel Cell Electric Vehicles (HFCEVs) appears to be an alternative 

to battery-powered vehicles and more suitable for the automotive cycle: driving range → mass 

→ consumption according to Van De Kaa et al. [7] and Bethoux [8]. Indeed, HFCEVs have an 

average range of 500 km up to 10003 km (close to the range of a conventional car) despite a 

lower system efficiency than Battery Electric Vehicles (BEVs) due to the high energy density 

per kg of hydrogen (33.3 kWh/kg), around 3.7 times more than gasoline and 4.5 than ethanol. 

The other significant advantage of HFCEVs is the refueling time (⁓ 3‒5 min) corresponding to 

that of an Internal Combustion Engine Vehicle (ICEV). 

 

The use of “green”4 hydrogen, produced mainly by water electrolysis5 from renewable electric-

ity, is essential for the development of sustainable mobility without GHG emissions. Green 

hydrogen is then becoming a high potential energy carrier, which can deliver or store a tremen-

dous amount of renewable energy. In addition, green hydrogen allows the flexibility and stabil-

ity of the electricity network by storing intermittent production (solar, wind). The hydrogen is 

pressurized (typically at 350 bars up to 700 bars) and stored in tanks to be converted back into 

electricity through a PEM fuel cell to power the electric motor of a HFCEV. However, consid-

ering the overall energy efficiency, i.e. from the electricity production to its use, a battery-

powered vehicle directly using electricity is more efficient than a PEMFC vehicle (Fig. I-2). 

                                                 
1 Renault Zoé: the best-selling electric vehicle from 2016 to 2020 in France according to [9]. 
 

2 WLTP: the World harmonized Light-duty vehicles Test Procedure is a global harmonized standard reproducing 

realistically the average use of a vehicle. It replaces the previous New European Driving Cycle (NEDC) as the 

European vehicle homologation procedure. 
 

3 The new Toyota Mirai, a hydrogen-powered vehicle, covered more than 1,000 km with a single charge in real 

driving conditions in May 2021 in France, which corresponds to a new autonomy record for a fuel cell vehicle 

[10]. 

 
4 The European Commission has not yet harmonized hydrogen terminologies (by color). 

 
5 Electrolysis of water is the process of using electricity to decompose water into oxygen and hydrogen gas. Its 

production cost is estimated at 6 €/kg. Note that hydrogen production is currently dominated by the methane steam 

reforming (96%) due to an economical process (1.5 €/kg) but associated with a very significant CO2 emission 

[https://www.connaissancedesenergies.org/fiche-pedagogique/production-de-lhydrogene]. In addition, substantial 

sources of natural hydrogen have recently been discovered [11]‒[12]. The feasibility of exploiting such sources is 

studied [13]. 

https://www.connaissancedesenergies.org/fiche-pedagogique/production-de-lhydrogene
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Finally, the current chicken and egg situation regarding hydrogen as fuel, namely to produce 

hydrogen vehicles or build hydrogen stations, is evolving. Indeed, many hydrogen plans have 

been adopted around the world and in Europe, as Germany (9 b€) and France (7.2 b€), by in-

vesting in production or distribution structures encouraging car manufacturers to develop hy-

drogen vehicles. 

 

 

 

Fig. I-2. Overall energy efficiency for BEV (blue) and HFCV (green) [14]. 

 

 

2.2 Operating Principle of a PEM Fuel Cell 

PEM fuel cells convert the chemical energy of hydrogen into electrical energy (Fig. I-3). Pure 

hydrogen is generally supplied to the anode in contrast to oxygen fed to the cathode. Indeed, 

ambient air contains enough oxygen to be used as such by the fuel cell. Unlike a battery, which 

is an electrical storage system, the fuel cell requires a constant supply of fuel (hydrogen) and 

oxidant (oxygen) to provide electricity. The electrochemical reactions occur simultaneously at 

the interface of the electrodes and electrolyte both at the anode (oxidation of hydrogen) and at 

the cathode (reduction of oxygen). The PEM fuel cell reactions are written as follows: 
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H2 → 2H+ + 2e−                        at the anode      (I-1) 

½ O2 + 2H+ + 2e− → H2O      at the cathode  (I-2) 

H2 + ½ O2 → H2O                     overall               (I-3) 

 

Hydrogen Oxidation Reaction (HOR) releases electrons to provide electricity via the external 

circuit and protons, which are transported through the membrane to reach the cathode where 

they react with the oxygen and electrons thus producing water. As an exothermic process, sig-

nificant heat is produced during the combustion of hydrogen. The heat source is detailed in 

Chapter III. 

 

 

Fig. I-3. Schematic of the PEMFC working principle. 

 

 

2.3 PEM Fuel Cell Components 

Each cell is an assembly of several layers, each playing a specific role in the cell operation. 

Optimal functioning is only achieved if all the interactions between these layers operate cor-

rectly. Indeed, it is necessary to sufficiently and uniformly supply the reactive sites with gas, to 

collect the current while removing the water and heat produced during the Oxygen Reduction 
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Reaction (ORR).  

 Membrane 

The membrane has a crucial role in PEM fuel cells as a solid electrolyte (unlike other types of 

fuel cell with liquid electrolyte: alkaline (AFC), molten carbonate (MCFC) and phosphoric acid 

(PAFC) fuel cells). Some properties are required to operate properly: 

 

• Its proton conductivity must be high in order to limit voltage losses due to its internal 

resistance. The ionomer conductivity is closely related to the water content in the mem-

brane (this point is discussed in more detail in Chapter III-3.2.3). 

• Its electronic conductivity must be as low as possible to avoid short circuits and cur-

rent losses. 

• The membrane must be impermeable to gas to avoid any mixing. Indeed, the permeation 

of hydrogen towards the cathode generates a so-called permeation current, decreasing 

the performance of the fuel cell. 

• The membrane must have good chemical, mechanical and thermal resistance for a suf-

ficient life in operation. 

• The membrane must be both resistant and flexible to allow the use of thin membrane. 

 

Materials composed of perfluorinated macromolecules, typically PerFluorocarbon-Sulfonic 

Acid (PFSA), best correspond to the required membrane qualities. PFSA structure includes acid 

functions allowing the transport of protons during the dissociation of the SO3- H+ acid group in 

the presence of water. The proton exchange membrane must therefore be correctly hydrated to 

have a good proton conductivity. Nafion® (Fig. I-4) developed and marketed by DuPont™ is 

historically one of the most widely used polymer in PEM fuel cells that largely fulfills the re-

quired specifications. Its cost relatively decreased these last years, to reach several tens €/m² 

for large quantities. Similar materials have been developed such as Fumapem® (Fumatech™), 

Flemion® (Asahi Glass™), Aciplex® (Asahi Chemical™), etc. For automotive application, the 

membrane thickness ranges generally between 8 and 50 μm depending on the manufacturing 

process. Indeed, porous PolyTetraFluoroEthylene (PTFE) films are generally used as support 

material to manufacture composite membrane in order to increase its mechanical stability and 

to reduce its thickness. 
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Fig. I-4. Chemical structure of Nafion®. 

 

 Catalyst Layer 

A thin though volumetric Catalyst Layer (CL) is usually pressed on the membrane where the 

electrochemical reactions take place (on the catalytic surface). As the name suggests, the cata-

lytic layer contains a catalyst to accelerate reactions. The most widely used in PEM fuel cells 

is platinum at both the anode and cathode. It is deposited in the form of nanoparticles dispersed 

on carbon particles. Due to its high cost (around 28,000 €/kg, September 2021 data from [15]), 

many studies have being carried out to minimize its loading [16], to find an efficient platinum 

alloy (Pt-Ni, Pt-Cr, Pt-Co) [17] or to replace it by a non-precious catalyst [18]. Outside allowing 

electrochemical reaction, the catalyst layer has also to transport electron, protons and gases. 

Therefore, it is usually a porous media composed of carbon/platinum and ionomer. Catalyst 

layers have a small thickness (5‒10 μm) in order to limit potential losses due to the transport of 

protons and gas diffusion. Their porosity is of the order of 50%.  

 

 Gas Diffusion Layer and Micro-Porous Layer 

Gas Diffusion Layers (GDLs) are designed to supply, as the name suggests, the catalytic layers 

with sufficient gas from the channels. These layers also perform important other functions to: 

• evacuate the production of liquid water and heat from the catalytic layers to channels 

• electrically connect the catalytic layers with the bipolar plates 

• mechanically support the catalyst layers and membrane 
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For these reasons, the gas diffusion layers must require some properties: 

• to be sufficiently porous (⁓ 70‒80%) 

• to be electrically and thermally conductive 

• to be rigid enough 

 

The GDL materials used are generally composed of carbon cloth (Fig. I-5a) (E-TEK®, ELAT®, 

GDL-CT®) or carbon paper fibers (Fig. I-5b) (AvCarb®, Sigracet®, Toray®, SpectraCarb®, 

Zoltek®). GDLs are generally treated [19], typically with PTFE (PTFE loadings from 5% to 

30%), to become hydrophobic in order to avoid flooding. Some authors have studied the fuel 

cell performance for different PTFE loadings. For instance, Chen et al [20] obtained an opti-

mum power density of the cell with a PTFE loading of 10%. 

 

In addition, a Micro-Porous Layer (MPL) (porosity ⁓ 35%) can be added between the catalytic 

and gas diffusion layers to minimize the contact resistance and improve water management 

[21]-[22]. MPLs are relatively thin (around 50 µm) and GDLs have a few hundred micrometers 

thickness.  

 

 

Fig. I-5. SEM micrographs of (a) the E-TEK® EC-CC1-060 carbon cloth and (b) the Toray® 

TGP-H-090 5% wet-proof PTL carbon paper [23]. 

 

 

 

 



STATE OF THE ART 

 

31 

 

 Membrane-Electrode Assembly 

A Gas Diffusion Electrode (GDE) is composed of one catalyst layer, one (possible) micro-

porous layer and one gas diffusion layer. A membrane sandwiched between the anode and cath-

ode GDEs form the Membrane-Electrode Assembly (MEA) considered the core component of 

the cell. Fig. I-6 represents a membrane-electrode assembly structure and proton, electron and 

gas transport in a H2/O2 PEMFC [24]. 

 

 

Fig. I-6. Membrane-electrode assembly structure and proton, electron and gas transport in a 

H2/O2 PEMFC [24]. 

 

 Bipolar Plates 

Each MEA is surrounded by plates that uniformly distribute the reactants through Gas Channels 

(GCs) to the anode and cathode. Each cell is connected to the adjacent one via an assembled 

plates, so called Bipolar Plate (BP), which therefore ensure the distribution of hydrogen to one 

cell and oxygen to the adjacent cell. Bipolar plates must: 

• be electrically conductive to connect the cells 

• be thermally conductive to remove the heat produced from active areas via a cooling 

circuit often formed inside the bipolar plate 

• be impermeable to gases to separate the adjacent cells 
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• be robust while being as light as possible to minimize weight 

• be corrosion resistant. 

 

Different designs of flow-field have been studied with square, rectangular or trapezoidal sec-

tions, counter-current or co-current hydrogen and air flows, etc. The dimensions of the section 

of the GCs are relatively small; rarely exceeding 1 mm. Fig. I-7 shows several flow-field de-

signs such as serpentine, parallel or interdigitated. Other configurations are nature inspired (bi-

omimicry) [25] based on the structure of a leaf for example. Another important characteristic 

of bipolar plates is the material used. Graphite/composite and metallic materials are the most 

common. Each has advantages and drawbacks (corrosion and stress resistance, chemical stabil-

ity, manufacturing process, etc.) [26]-[28]. Recently, CEA researchers have developed a new 

method for printing bipolar plates based on a carbon ink allowing continuous production, 

thereby reducing cost and offering power densities similar to those of metal bipolar plates [29]. 

 

 

 

Fig. I-7. Schematic of various flow field designs: (a) Serpentine, (b) parallel, (c) parallel-ser-

pentine, (d) interdigitated, (e) mesh (grid, superparallel) and (f) spiral-serpentine [25]. 

 

 

2.4 PEM Fuel Cell System 

One membrane-electrode assembly and one bipolar plate (which can be split into two monopo-

lar plates) form a single cell. Each cell delivers typically a voltage between 0.6 and 0.8 V under 

operation depending on the operating conditions. It is then necessary to pack several cells in 

series forming a stack to deliver the desired voltage of several hundred volts for automotive 
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application (Fig. I-8). Several stacks can be present within the same vehicle. 

 

The stack cannot operate standalone, it need external devices, such as a compressor to provide 

air. Fig. I-9 presents a complete hydrogen Fuel Cell System (FCS) including the air compressor, 

humidifiers, DC/DC converter, etc. Many authors [30]-[35] study FCS in order to optimize the 

reactants feeding, humidification, to find the most efficient architecture, etc. Recently, innova-

tive fluidic architectures have been developed in order to improve the performance and sustain-

ability of PEM fuel cell systems for transportation [36]. 

 

 

Fig. I-8. Illustration of a single cell, a stack and a power (80 kW) fuel cell module [37]. 

 

 

 

Fig. I-9. Illustration of a hydrogen fuel cell electric vehicle [38]. 
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2.5 Technical Targets for Fuel Cell Systems for Transportation Applications 

Despite growing interest in hydrogen, PEM fuel cell electric vehicles represent a minority of 

the vehicle market with only 162 registrations for passenger cars in France in 2020 [39]. Some 

improvements are still necessary to reach a sufficient maturity of the PEMFC technology al-

lowing a mass production and a large scale commercialization. The U.S. Department of Energy 

(DOE) regularly reports on component/FCS performance and cost targets in PEM fuel cells for 

the transportation application [40]. Fig. I-10 presents the current FCS status and its future ob-

jectives. The FCS energy efficiency has already reached its target set for 2025, in contrast to 

the price of the system, which is on the way to reach it, even more if a larger scale commercial-

ization is launched. The specific power seems limited especially due to the weight of the bipolar 

plates (most often made of metallic materials). The system durability is currently the most sig-

nificant issue in PEM fuel cells because of (irreversible) degradation caused notably by a no-

proper management of water and temperature in the fuel cell. This point is discussed in the next 

section. 

 

 

Fig. I-10. Fuel Cell System Status (2017) versus Targets (The green line indicates the status as 

a fraction of the targets) [40]. 
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3. Water Management in PEM Fuel Cells 

Water management is one of the biggest challenges in the development and commercialization 

of PEM fuel cells. Indeed, a proper water management in PEM fuel cells is necessary to opti-

mize their performance and increase their lifespan. Water is present in all the layers of the cell 

because of: 

• pre-humidification (sometimes up to saturation) of the inlet gases to ensure good proton 

conductivity of the membrane 

• water production during the oxygen reduction reaction at the cathode 

• water transport mechanisms (discussed in the next section). 

 

Water phase change and transport mechanisms are presented in this section as well as the impact 

of water on the performance and degradation of the cell.  

 

3.1 Condensation and Evaporation  

Water can either be present in liquid or vapor form. Condensation occurs only when the gas 

becomes entirely saturated with water vapor during a decrease of the local temperature (in con-

tact with the cooling circuit for example), the reactant gas consumption or water vapor accu-

mulation (due to its ORR production and transport between layers). In other words, gas relative 

humidity locally reaches 100%, causing condensation. Evaporation occurs when liquid water 

and unsaturated gas are both present. The gas relative humidity can decrease below 100% if 

there is either a diminution of the local pressure or an augmentation of the local temperature. 

 

3.2 Water Management Mechanisms 

 Water Transport through the Membrane 

Water is transported through the membrane by two main phenomena: Electro-Osmotic Drag 

(EOD) and diffusion. The hydraulic permeation is generally negligible compared to the two 

phenomena mentioned. Electro-osmotic drag is the motion of liquid water induced by an ap-

plied potential across the membrane. Therefore, water molecules are exclusively dragged from 

the anode to cathode due to the current-carrier protons. EOD is usually formulated according 

to the protonic flux and water content as follows: 
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JEO =
aEO MH2O

F
 i (I-4) 

 

where aEO is the EOD coefficient, which depends exclusively on the membrane water content 

λM defined as the averaged number of water molecules per sulfonic acid group. The EOD co-

efficient has been the subject of numerous studies by experimental tests or mathematical mod-

eling. Different formulations can be found in the literature. Springer et al. [41] proposed a linear 

relation; Hwang et al. [42] and Meier et al. [43] considered a quadratic evolution while 

Zawodzinski et al. [44] supposed a discontinuous relation. Peng et al. [45] developed a new 

method based on hydrogen pump to measure the electro-osmotic drag coefficient in representa-

tive PEMFC operating conditions. More recently, Xu et al. [46] experimentally study the EO 

drag coefficients in Nafion® membrane in acid, sodium and potassium forms by electrophoresis 

NMR.  New correlations of the electro-osmostic drag coefficient according to the water content 

can be extracted from their work. Table I-1 lists several EO drag coefficient laws, which are 

plotted against the water content in Fig. I-11. A sensitivity analysis is performed with the one-

fluid model in Chapter III.  

 

 

   Table I-1 

   Electro-osmostic drag coefficients. 

   Author(s) Expression 

   Springer et al. [41] aEO =
2.5 λM

22
 (I-5) 

 

   Hwang et al. [42] aEO = −3.4 . 10−19 + 0.05 λM + 0.0029 λM
2  (I-6) 

 

   Meier et al. [43] aEO = 1 + 0.028 λM + 0.0026 λM
2  (I-7) 

 

   Zawodzinski et al. [44] aEO = {
1

0.1875 λM − 1.625
 
if λM  ≤ 14

if λM > 14
 (I-8) 

 

 

 



STATE OF THE ART 

 

37 

 

 

Fig. I-11. Electro-osmotic drag coefficients from Table I-1 versus water content. 

 

Water diffusion is induced by the water concentration gradient between the cathode and anode. 

It drives water from high concentration areas to lower concentration areas. Diffusion can take 

place on both directions even if it mainly drags water from the cathode to anode. Indeed, the 

ORR production and electro-osmotic drag accumulate water at the cathode side. This phenom-

enon is then called back diffusion from the cathode side toward the anode one, which is neces-

sary for a good hydration of the membrane on the anode side. A Fick’s law is generally consid-

ered in order to describe the diffusive flux density by: 

 

Jdiff = DM

MH2O

eM
 cf  (λaCL − λcCL) (I-9) 

 

where DM is the membrane water diffusivity, eM, the membrane thickness, cf, the molar con-

centration of sulfonate sites in Nafion®, λaCL and λcCL, the water contents at the interfaces 

between the membrane and anode/cathode catalyst layer pores, respectively. Springer’s law 

[41] formulates the water content only depending on the water activity a: 

 

λ(a) = {
0.043 + 17.81a − 39.85a2 + 363

14 + 1.4 (a − 1)
    

if a ≤ 1

if a > 1
 (I-10) 

 

where a difference in water uptake in contact with liquid (hypothetically represented by a > 1) 

or saturated vapor (a ≤ 1) was observed by Schroeder [47]. A linear extrapolation is used in 

 

[41] 

[42] 

[43] 

[44] 
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both models (presented in Chapter III and IV) to avoid numerical instability caused by the water 

content discontinuity formulation in Eq. (I-10). Many authors have proposed correlation for the 

water diffusivity through the membrane. Table I-2 references some diffusivity formulations 

from Fuller [48], Zawodzinski et al. [49] and Motupally et al. [50], which are plotted against 

the water content in Fig. I-12. Similarly to the EOD coefficient, a sensitivity analysis of the 

water diffusivity correlation is presented in Chapter III. 

 

 

   Table I-2 

   Diffusion coefficients. 

   Author(s) Expression 

   Fuller [48] Dm = 2.1 . 10−7 λM . exp (−
2436

T
) 

  (I-11) 

 

   Zawodzinski et al. [49] Dm = (6.707 . 10−8 λM + 6.387 . 10−7 ). exp (−
2416

T
) 

(I-12) 

 

   Motupally et al. [50] Dm = {
3.1 . 10−7 λM [exp(0.28 λM) − 1] . exp (−

2346

T
)        if 0 ≤  λM  ≤ 3 

4.17 . 10−8 λM [1 + 161 . exp(− λM)] . exp (−
2346

T
)  if 3 ≤  λM  ≤ 17

 (I-13) 

 

 

 

 

 

Fig. I-12. Water diffusion coefficients from Table I-2 versus water content. 

 

 

[48] 

[49] 

[50] 
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 Capillarity in Porous Layers 

Liquid water transport results from the liquid pressure gradient, which is strongly influenced 

by interfacial tensions in porous media. This is called capillarity or capillary force originating 

from two distinct interaction phenomena on a microscopic scale. On the one hand, there is the 

interfacial tension between the liquid and gas, called surface tension, where the interface be-

haves like a membrane under tension. It depends mostly of the property of the liquid phase for 

a liquid–gas flow. On the other hand, there is the interfacial tension between the fluids and solid 

matrix, called wettability. Fluid/solid interfaces form a characteristic angle named contact angle 

(Fig. I-13) when the tensions are in equilibrium. This angle is measured by convention from the 

densest fluid, that is to say the liquid water in PEMFCs. It reflects the affinity of fluids and 

particularly of the liquid water with the solid matrix. If the contact angle is less than 90°, the 

material is considered hydrophilic and the liquid water as wetting. Conversely, the material is 

considered hydrophobic and the liquid water as non-wetting. Finally, there is a pressure discon-

tinuity at the interface of the non-wetting and wetting phase when a mechanical equilibrium is 

reached. The capillary pressure Pc defines this pressure difference [51]: 

 

Pc = Pnw − Pw (I-14) 

 

where nw and w subscripts refer to the non-wetting and wetting phase, respectively. Capillary 

pressure is generally extimated by the following equation in PEM fuel cells [52]: 

 

Pc = σ cos(θ) (
ε

K
)

1/2

J(s) (I-15) 

 

where the interfacial tensions are represented by the surface tension σ and the contact angle θ. 

ε and K refer to porosity and permeability, respectively. These parameters are characteristic of 

the porous medium and presented in details in Chapter II. J(s) is the Leverett J-function [53], 

which is a dimensionless function depending only on liquid saturation (this notion is discussed 

at length in Chapter II-4.1.2). This empirical relationship, used primarily in petroleum engi-

neering, was extended for both hydrophilic and hydrophobic porous materials in fuel cell 

[52][54]: 
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J(s) = {
1.417(1 − s) − 2.120(1 − s)2 + 1.263(1 − s)3     for θ < 90°

1.417s − 2.120s2 + 1.263s3                                        for θ > 90°
 (I-16) 

 

 

Fig. I-13. Liquid water: wetting (left) and non-wetting (right) ‒ modified from [59]. 

 

Other capillary pressure saturation relations are proposed by [55]-[58]. The porous materials in 

PEM fuel cells must be as hydrophobic as possible (θ > 90 °) to reject water from the porous 

layers towards the channels. The capillary pressure is then written: 

 

Pc = Pg − Pl (I-17) 

 

In this configuration (hydrophobicity of the porous layers), the pressure of the liquid phase is 

higher than the gas phase pressure. The liquid phase is then drained from the porous layers 

towards the channels. Conversely (hydrophilicity of the porous layers), liquid water accumu-

lates, which can cause the PEM fuel cell to flood. This notion is discussed at greater length in 

the section 3.3.2 of this chapter. 

 

 Convection Transport of Water in the Gas Channels 

Liquid water is transported mainly by convection in the gas channels. On the one hand, water 

comes directly from the porous layers due to their hydrophobic nature and the various transport 

mechanisms seen previously. On the other hand, water can condense directly in the channels if 

temperature decreases. Zhang et al. [60] experimentally examined the distribution of liquid wa-

ter in the GCs on the cathode side under standard operating conditions. They classified the two-

phase flow in PEMFC gas channels as a mist flow at high gas velocities, steady corner flow at 

low gas velocities and low water production and annular film/slug flow at low gas velocities 

and high production of liquid water. Hussaini and Wang [61] visualized channel two-phase 

Liquid water 
Gas 

Gas 
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flow by in situ visualization in an operating fuel cell. They found results close to the work of 

Zhang et al. [60] with droplet, film and slug flows (Fig. I-14). Flow patterns of liquid water 

remain difficult to observe experimentally. Finally, they are impacted by the water intrusion 

mechanisms from GDLs to gas channels. Many authors study water intrusion mechanisms 

[59][62]-[63].  

 

 

Fig. I-14. Magnified view of flow patterns in channels and their corresponding line illustra-

tions showing the form and distribution of liquid water [61]. 

 

 

3.3 Effect of Water Management on PEM Fuel Cells Performance and Degradation 

Water management is essential to optimize the performance of PEM fuel cells. On the one hand, 

it is crucial for maintaining good hydration of the membrane and thus its proton conductivity 

[41]. On the other hand, liquid water would cause mass transfer blockages in the catalytic and 

diffusion layers but also in the gas flow channels. The equilibrium between membrane drying 

and cell flooding is a difficult task for a proper water management, which can cause irreversible 

degradation [64]. 

 

 Membrane Dehydration 

The membrane can dry out notably if the inlet reactant gases are low-humidified. The dehydra-

tion occurs particularly at the hydrogen inlet since the production of water at the cathode is not 
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sufficient to compensate (with back diffusion) the water lack in this area [65]. In addition, a 

poor water and temperature management may cause local membrane dehydration [66]. In the 

absence of water, protons cannot migrate through the ionomer. Therefore, the ionic conductivity 

drastically decreases [67], increasing the activation overpotential [68]-[69]. Moreover, the de-

hydration of the membrane herds to higher ionic resistances [41], which leads to potential losses 

and consequently to a power drop. Büchi and Srinivasan [70] measured the current density at 

constant potential (0.61 V) of a PEMFC during 1,200 hours of operation using unhumidified 

inlet gas. They observed a current density decrease from 170 to 130 mA/cm² during the test. 

Finally, hot spots cause irreversible degradation such as micro-cracks and pinholes in the mem-

brane [71], which induces gas crossover and therefore a cell dysfunction with unwanted reac-

tions.  

 

 Cell Water Flooding 

As seen previously, water accumulates due to continuous production, pre-humidification and 

consumption of the reactant gases, which can cause the fuel cell to flood. Flooding can occur 

in all the layers at both the anode and cathode side particularly when the water and temperature 

are poorly managed. Flooding drastically reduces the gas transport in PEMFCs. First, it stops 

reactants from reaching the active layer by filling the GDL/MPL pores [72]. Accordingly, the 

cell potential drops immediately when there is an underfeeding until a starvation of hydrogen 

and oxygen preventing HOR and ORR [73]-[74]. Oxygen depletion can even cause a parasitic 

reaction at the cathode [64], which leads to a zero potential. Moreover, the gas channels can be 

flooded as well as porous media [64], which blocks gases from the flow channels to the GDLs. 

Eventually, flooding has other (irreversible) consequences such as a PEM fuel cell operation 

with strong heterogeneities or the chemical degradation of the catalysts [75]-[76]. 

 

Finally, Nandjou et al. [71] analyzed post-mortem PEM cells after 2,000 h durability tests in 

automotive conditions. They observed that the successive variations in water content (dehydra-

tion or high water concentration), representative of an automobile operation, causes significant 

degradations affecting both the performance and durability of the fuel cell.  
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4. State of the Art of Numerical PEMFC Models 

Numerical modeling appears to be a powerful tool in addition to experiments in fuel cells as 

well as in many other fields (aviation, medicine, chemistry, etc.). Indeed, experimental tests to 

locate and quantify liquid water, whether at the component level or the entire stack, can be 

complex to set up, expensive, time consuming and limited in resolution [77]. Accordingly, nu-

merical models present some advantages as low simulation time and low computational cost. 

In addition, after validation, they can help to better understand physical phenomena in PEM 

fuel cells, which cannot or hardly be observed by experimentation. As discussed before, the 

physical phenomena within a cell are very complex due to two-phase flow with phase change, 

species transport with consumption and production, heat transfer, electrochemical reactions, 

etc. A fully 3D model taking into account all the physics, especially the complex multiphase 

fluid dynamic, seems necessary to represent correctly a PEM fuel cell operation. However, such 

a model has not yet been developed due to complex geometry needing high resolution meshing, 

coupling difficulties and still limited computing power. In consequence, large scale models 

adopt some assumptions and simplifications concerning the governing equations, the number 

of considered layers or the boundary conditions such as a single-phase flow or simplified ge-

ometry. Springer et al. [41] and Bernardi–Verbrugge [78] were the first to develop fuel cell 

models. Since, many computational heat and water transport models have been developed at 

different scales, from 1D to 3D, from one single component to entire cell, etc. Many reviews 

[79]-[82] established the state of the art of computational modeling in PEM fuel cells, which 

frequently discuss the models strengths and weaknesses.  

 

Commercial models including fuel cell module have been developed these last years. Star 

CCD® was the first Computational Fluid Dynamics (CFD) software to implement a fuel cell 

module. ANSYS Fluent®, ANSYS CFX®, AVL FIRE® and COMSOL Multiphysics® are the 

most common CFD software including fuel cell module. Fink and Fouquet [83] developed a 

3D model using the AVL FIRE® fuel cell module. They identified some shortcomings, espe-

cially in the membrane transport model. As a result, researchers commonly develop their own 

model.  

 

According to the evolution and the current status of PEMFC models, there is a need of multi-

phase flow models in order to better understand the water management in PEM fuel cells [84]. 

Among the first research publications with respect to multiphase modelling were Wang and 
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Cheng [85]. Based on the multiphase mixture theory, Zhuge et al. [86] developed a three-di-

mensional gas/liquid two-phase flow model applied to a part region of the fuel cell. Results 

showed that the liquid water distribution is mostly in the cathode, and predicted cell perfor-

mance decreases quickly at high current density due to the obstruction of liquid water to oxygen 

diffusion. Siegel [87] introduced a two-dimensional model inside the gas diffusion layer and 

demonstrated that the fluid temperature is overestimated by one-phase models if there is phase 

change. With a two-dimensional multicomponent mixture model in a porous cathode adjacent 

to a flow channel, Wang et al. [88] studied a threshold current density corresponding to first 

appearance of liquid water in order to evaluate the water distribution and transport at the mem-

brane/cathode interface. A 2-D multicomponent transport model was developed by He et al. 

[89] to investigate the effects of the gas and liquid flow on the cathode performance. Phase 

change was also discussed by Wang et al. [90] and Basu et al. [91]. More recently, Bednarek 

and Tsotridis [92] presented the possible limitations and difficulties associated with PEM single 

fuel cell modelling. Anderson et al. [93] published a review of cell-scale multiphase flow mod-

eling, including water management with a focus on phase-change and transport processes. 

Zhang and Jiao [94] also reviewed multiphase models for water and thermal management of 

PEM fuel cell.  

 

Several transport phenomena models in different layers of PEM fuel cell and in different length 

scales according to the Knudsen number [51] are identified in Fig. I-15 [94]. The Finite Element 

Method (FEM) [95], widely used for numerically solving Partial Differential Equations (PDE) 

and Volume Of Fluid (VOF) method [96], which tracks the gas and liquid phase interface, are 

the most popular method in macroscopic scale to simulate the gas and liquid two-phase flow in 

channel and GDL [97]-[98]. At the mesoscopic scale, the Lattice Boltzmann Method (LBM) 

[99], based on streaming‒collision process, appears to be an efficient method to simulate mul-

tiphase flow in complicated microstructures due to its numerical stability and versatility. For 

example, Molaeimanesh and Akbari [100] study the removal of liquid water from a PEMFC 

electrode with different PTFE distributions by lattice Boltzmann method. The Pore Network 

Modeling (PNM) creates a virtual representation of the porous medium to simulate fluid flow 

through it. This method is a powerful tool to study two-phase flow at the meso-scale in PEMFCs 

[62][101] with a low calculation time compared to Direct Numerical Simulation (DNS). Finally, 

the Molecular Dynamics (MD) [102] or Quantum Mechanics (QM) [103] methods are used to 

numerically analyze the transfer phenomena at the microcosmic scale such as proton transport 
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in PEM. In this study, PEMFC multiphysics including the complex two-phase flow are exclu-

sively examined from a macroscopic point of view by using continuous models based on the 

finite element method. Here are the two main continuous models of two-phase flow in PEM 

fuel cells at the cell scale. 

 

Homogeneous Equilibrium Model (HEM) 

Multiphase Mixture (M²) Model 

The Homogeneous Equilibrium Model (HEM), also called Multiphase Mixture (M²) model, 

considers the two-phase mixture as a pseudo-single-phase with physical properties weighted by 

the volume fraction of each phase. Therefore, it is necessary to properly define the properties 

of the two-phase mixture. Several mixture correlations can be found in the work of Lee and 

Mudawar [104] such as the mixture density and the mixture viscosity. Thereby, only one set of 

conservation equations can be applied to the two-phase mixture thus saving computational time. 

Mechanical and thermodynamic equilibrium are maintained as the name suggests. In addition, 

identical velocities are considered between the liquid and gas phases both moving at the mixture 

velocity, which is a significant simplification of the two-phase flow. Wang et al. [105][90] were 

the first to develop a PEM fuel cells model based on the M² formalism. They introduced some 

correction factors to take into account the difference between phase velocities in the convective 

transport of the two-phase mixture. This model can be compared to a drift model, developed in 

the nuclear field, introducing a slip velocity. Nevertheless, it is difficult to find the right formu-

lation of the correction factors / mixture constitutive laws.  

 

Two-Fluid Model 

The two-fluid (2-F) model, also called the Euler-Euler model, considers each phase individually 

by formulating conservation equations for both phases. The two-fluid model is complex since 

the transfer of mass, momentum and energy from one phase to another are treated. Therefore, 

it is necessary to find the appropriate closure laws, which are still widely discussed in the liter-

ature. In addition, the closure laws have a significant impact on the model convergence and the 

accuracy of the results, as we will see in Chapter IV. Finally, the two-fluid model can predict 

complex two-phase flows with thermofluid dynamic and non-equilibrium interactions between 

the phases compared to the 1-F/mixture models.  
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Fig. I-15. Schematic of different modeling scales in PEM fuel cell ‒ modified from [94]. 

* not used in gas channels 

 

 

Conclusion 

The current urgency to limit our CO2 emissions is essential to envisage a sustainable future. 

From this perspective, hydrogen today appears to be a major energy vector for the storage of 

the electrical energy produced by non-polluting processes. Therefore, hydrogen is highly con-

sidered as a new clean fuel to decarbonize the transport sector by using fuel cells. Among the 

technologies envisaged, the Proton Exchange Membrane Fuel Cell (PEMFC) is the most suita-

ble system for automobile operation because of its excellent dynamic, high power density and 

good electrical efficiency. Its operating principle and its various components have been detailed 

in this chapter. In addition, the fuel cell system and the objectives to be achieved for a large 

scale commercialization were briefly reviewed. Despite the growing interest in PEM fuel cells, 

increasing its durability remains the greatest challenge due to some irreversible degradations 

during its operation. Indeed, no proper management of water and temperature appears to be one 

of the main causes of degradation and performance drop. 
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The different water transport mechanisms were detailed in all the layers of the fuel cell. Finally, 

a state of the art of two-phase flow models is presented to use numerical simulation as a pow-

erful tool in addition to experimental tests to better understand transport phenomena in PEM-

FCs.
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Chapter II 

MODEL FORMULATION OF THERMOFLUID MECHANICS 

IN PEM FUEL CELLS 
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Introduction 

As presented above, a PEM fuel cell is a multilayers and multiphysics system. Electrochemical 

reactions, thermofluid dynamic flow and phase change occur simultaneously within a cell. All 

these processes are interdependent and affected by both the component design and material 

properties. Each parameter is dependent on at least two other parameters in PEM fuel cells 

[106]. It is therefore not possible to change one parameter without changing others. Accord-

ingly, it is relevant to better understand the theoretical PEMFC physics still amply discussed in 

the literature. In this chapter, the theory of thermofluid mechanics in PEM fuel cells is examined 

with emphasis on the continuity equations of mass, species mass, momentum and energy start-

ing with the local and instantaneous equations. The local volume-averaging method is then 

performed to obtain the macroscopic Navier-Stokes (N-S) equations in a porous medium. The 

equations are first described for a single-phase flow. Note that the gas channels are treated as 

porous media (Darcy’s law) with a tortuosity and porosity equal to the unit. This approach has 

been used in several studies [90]. Heat and mass transfer in porous media using the method of 

volume-averaging have been detailed in the work of Whitaker [107], Carbonell and Whitaker 

[108] and Kaviany [51]. The chapter ends with the hydrodynamic equations of the two-phase 

flow by describing the equations for each phase. Two-phase flow have been presented by many 

authors such as Sha et al. [109], Faghri and Zhang [110], Delhaye [111], Ishii and Hibiki [112] 

and Morel [113].  

 

1. Interest of Averaging 

From an engineering point of view, it is necessary to obtain accurate properties on a large scale 

in order to size FCs and optimize their performance. The average method seems to be the most 

suitable method based on continuum mechanics and thermodynamics theory for obtaining mac-

roscopic values of physical phenomena in large surface PEM fuel cells. In addition, models 

depend on the availability of experimental data, which are provided most of the time from a 

macroscopic point of view. Moreover, two-phase flow through a porous medium at the pore 

scale are still difficult: 
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• to observe with experimental tests. The methods used are more or less precise, often 

costly and performed in laboratory. Bazylak [114] reviewed the liquid water visualiza-

tion methods especially in GDLs. The challenges and limitations of these methods are 

also discussed in her work. 

 

• to calculate with numerical models. Indeed, Direct Numerical Simulation (DNS) must 

be used to simulate the transport phenomena in the real geometry of the pore network. 

In return, DNS requires substantial computational resources, a long calculation time 

and a refined mesh. Some models (PNM, LBM, etc.), as briefly discussed in the previ-

ous chapter, are well suited to the pore scale delivering valuable data to determine, for 

example, GDL effective transfer coefficients as a function of local properties [115]. 

However, these models are not adapted for a macroscopic scale (unit cell, stack, etc.).  

 

For these reasons, the equations describing the physical processes in PEM fuel cells have to be 

averaged to obtain macroscopic properties. The averaged equations are then implemented in 

numerical models. However, applying the averaging operator greatly complicates the equa-

tions, especially when considering a two-phase flow through a porous medium with the ap-

pearance of many interfacial terms. In addition, these terms cannot be directly used as such in 

numerical models and must be adequately closed. Indeed, the conservation equations are not 

sufficient to determine all the variables. Closure laws have been the subject of much discussion 

in the literature for decades. Before introducing the equations, it is necessary to introduce some 

definitions and mathematical tools. 

 

2. Porous Medium 

2.1 Porosity 

As discussed previously, several components of the cell are porous material, such as the gas 

diffusion and micro-porous layers. A porous medium is composed of a matrix and voids (or 

pores as the name suggests). Fig. II-1 represent a schematic of a porous medium. The porosity 

is defined as the ratio of the volume fraction occupied by the voids, which means the volume 

of the pores on the total volume (including the solid matrix and the volume of the pores): 
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ε ≝
Vf

Vs + Vf
=

Vf

V
 (II-1) 

 

where Vf is the fluid volume, Vs, the matrix volume and V, the total volume. Usually, the solid 

matrix is considered rigid in PEMFC; this approach is retained in this work. Therefore, the 

porosity characterizing the porous medium is assumed constant and does not depend on the 

pressure. Furthermore, the voids are instantly occupied by the fluid-phase, which imply that 

each pore is connected to other ones. Accordingly, the pore network is considered continuous. 

The volume fraction is so called effective porosity, called only porosity hereafter. A detailed 

description can be found in [51]. El-kharouf et al [116] measured the mean pore diameter for 

many commercial GDLs using a mercury porosimeter. The characterized GDLs in their work 

have pores between 0.5 and 10 μm in radius (Table II-1). 

 

 

 

 

Fig. II-1. A schematic of a porous medium with a continuous fluid phase in PEMFC 

– modified from [117]. 
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2.2 Representative Elementary Volume 

The size and distribution of the pores are generally not uniform in porous materials in a PEM 

fuel cell as presented by Fig. II-1. In order to avoid describing precisely all the pores (and a 

direct simulation), it is then necessary to introduce the concept of the Representative Elemen-

tary Volume (REV) that considers each pore identically represented by an average diameter (or 

length) noted d. Therefore, the REV can be defined as the smallest volume with statistically 

significant local properties. This implies that the characteristic length of the REV noted l is 

much larger than the average characteristic length of a pore (l ≫ d) [107]. From another point 

of view, the local properties in the REV such as porosity, permeability or conductivity are not 

affected by the addition of pores. Furthermore, the characteristic length of the REV must be 

much smaller than the system dimension (unit cell, component) noted L (L ≫ l) to assume neg-

ligible variations in the elementary volume compared to the total volume. Fig. II-2 represents 

the multiscale aspects in porous media. Kaviany [51] well described the pore structure and REV 

for any porous medium.  

 

Table II-1 [116] 
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Finally, the local and instantaneous equations – at the microscopic scale – are averaged over 

the REV to obtain the macroscopic properties. The local volume-averaging over the REV in-

cludes the local average at the pore scale when the difference between the pore volume and 

REV is satisfied (l ≫ d) [107]. Mathematically, this equality is written as follows: 

 

〈〈ψ〉〉 = 〈ψ〉      if   l ≫ d (II-2) 

 

where ψ is any quantity. The simple average notation ⟨ ⟩ is adopted in the rest of the document. 

 

 

 

Fig. II-2. Schematic of the multiscale aspects in porous media – modified from [118]. 

 

 

3. Single-Phase Flow 

In this section, the conservation equations are examined from the local instant formulation for 

a single-phase flow. The equations of mass, species mass, momentum and energy are detailed 

and averaged over the REV. The aim of averaging the equations for a single-phase flow is to 

become familiar with mathematical averaging tools before applying them to a two-phase flow 

for which the dynamic and non-equilibrium interaction between the liquid and gas phases are 

considered. In addition, some numerical models use the single-fluid formulation such as the 

one-fluid and mixture models. Before averaging the equations, we need some mathematical 

definitions and theorems. 
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3.1 Mathematical Averages 

 Local Volume-Average 

In order to formulate the macroscopic equations, the classical local volume-average is intro-

duced. It is the integration of a local quantity over a chosen volume and can be mathematically 

defined as: 

 

〈ψ〉 ≝
1

V
∫ ψ

V

dv (II-3) 

 

 Local Volume-Average Associated to the Fluid-Phase 

The local volume-average presented by Eq. (II-3) is applied to a fluid quantity through a porous 

media. Mathematically, we obtain: 

 

〈ψf〉 ≝
1

V
∫ ψf

Vf

 dv = ε 
1

Vf
∫ ψf

Vf

 dv (II-4) 

 

where ψf represents any local quantity associated to the fluid-phase. This mathematical tech-

nique allows a change of scale from a microscopic to macroscopic dimension in a porous me-

dium.  

 

 Local Intrinsic-Average Associated with the Fluid-Phase 

The solid matrix and therefore its associated volume is non-negligible in the porous components 

of the PEM fuel cell even if the porosity can reach more than 80% in GDL. Consequently, 

defining some fluid properties such as density or velocity from the local volume-average – 

applied to the total volume – seems inappropriate.  The local intrinsic-average is then intro-

duced, which is more representative of the phase considered, since it takes into account the 

phase volume and not the total volume. The intrinsic-average is also called phase-average in 

the literature. The local intrinsic-average associated to the fluid is defined by: 
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〈ψf〉f ≝
1

Vf
∫ ψf

Vf

 dv =
1

ε V
∫ ψf

Vf

 dv (II-5) 

 

where the subscript f after the second bracket means that the average is defined on the volume 

occupied by the fluid phase. Therefore, the relation between the local volume and intrinsic av-

erages is: 

 

〈ψf〉 = ε 〈ψf〉f (II-6) 

 

This relationship is essential to express the local averaged equations through a porous media. 

 

 

3.2  Theorems 

In order to obtain the averaged equations, we need to interchange the averaging operator with 

the derivation operators. Indeed, the average of the gradient (or divergence) operator is not 

equal to the gradient (or divergence) of the average. The general form of the Reynolds transport 

theorem and the Green-Ostrogradski theorem are both used to demonstrate the relation between 

the volume-average of a gradient (or divergence) and the gradient (or divergence) of the vol-

ume-average. These theorems introduce the discontinuities at the solid-fluid interface. Demon-

strations have been developed by Slattery [119]-[120] and Whitaker [107].  

 

 Theorem of the Volume-Average of a Gradient 

Finally, the theorem for the volume-average of a gradient is: 

 

〈∇ψf〉 = ∇〈ψf〉 +
1

V
∫ ψf nf da

Asf

 (II-7) 

 

where Asf is the solid-fluid interface area and nf, the unit vector perpendicular to Asf pointing 

out the fluid phase. The last Right-Hand Side (RHS) term then represents the discontinuity on 

the solid-fluid interface area.  
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 Theorem of the Volume-Average of a Divergence 

Similarly, the theorem for the volume-average of a divergence is: 

 

〈∇ ∙ ψf〉 = ∇ ∙ 〈ψf〉 +
1

V
∫ ψf ∙ nf da

Asf

 (II-8) 

 

These two theorems are useful tools to average the continuity equations. 

 

3.3 Local Volume-Averaged Mass Equation 

The local continuity equation for mass in PEMFC considering a single-fluid flow is: 

 

∂ρf

∂t
+ ∇ ∙ [ρf Vf] = rf (II-9) 

 

where ρf is the fluid-phase density, Vf, the fluid-phase velocity vector, rf, the mass source of 

the fluid-phase induced by electrochemical reaction, i.e. both production and consumption. 

When volume averaged, this latter equation becomes: 

 

∂

∂t
〈ρf〉 + ∇ ∙ 〈ρf Vf〉 = 〈rf〉 (II-10) 

 

As mentioned previously, the matrix volume is considered rigid, i.e. independent of time. The 

unsteady term in Eq. (II-10) is then obtained by: 

 

〈
∂ρf

∂t
〉 =

1

V
∫

∂ρf

∂tVf

dv =
∂

∂t
(

1

V
∫ ρf

Vf

 dv) =
∂

∂t
〈ρf〉  (II-11) 

 

Moreover, the fluid velocity is assumed to be zero at the solid-fluid interface. By using the local 

averages relation (II-6), Eq. (II-10) becomes: 

 

∂

∂t
[ε 〈ρf〉f] + ∇ ∙ [ε 〈ρf Vf〉f] = ε 〈rf〉f  (II-12) 

 

The demonstration can be found in Appendix A. 
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3.4 Favre Averaging 

The term of the convective transport in Eq. (II-12) includes the average of a product. However, 

the average of a product is not equal to the product of the averages. Either the Reynolds decom-

position or the Favre averaging is necessary to obtain the average product. The Reynolds aver-

age of a product is difficult to use since introducing fluctuating quantities. Favre therefore de-

fined a new averaging operator – density-weighted – as following: 

 

ψ̿ ≝
〈ρ ψ〉

〈ρ〉
 (II-13) 

 

Where ̿  denotes Favre (or density-weighted) averaging operator. The Favre average is a sim-

ple way to express the average of a product without explicitly separating the fluctuating quantity 

from the mean quantity. Favre's average therefore refers to the mass center and no longer to the 

volume center of the quantity considered. By using the Favre averaging, Eq. (II-12) becomes: 

 

∂

∂t
[ε 〈ρf〉f] + ∇ ∙ [ε 〈ρf〉f Vf 

̿̿ ̿
f
] = Sf (II-14) 

 

where Vf 
̿̿ ̿

f
 is the Favre-averaged fluid velocity vector. The source term by electro-chemical re-

action in its local volume-averaged form defined by Sf is prefered: 

 

Sf = ε 〈rf〉f (II-15) 

 

3.5 Local Volume-Averaged Species Mass Conservation Equation 

In any PEM fuel cells, electrochemical reactions take place simultaneously on both sides of the 

MEA. It is then necessary to describe the mass transfers by electrochemical reactions in gases 

for a single phase first. The gas mass transport is examined for multicomponent gas mixtures, 

namely hydrogen and water vapor at the anode side and oxygen, nitrogen and water vapor at 

the cathode side as air is generally used instead of pure oxygen in PEMFC. The local mass 

conservation equation of the j-specie (j: H2, O2 and H2O) in the fluid-phase is expressed by: 
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∂

∂t
[ρf Yjf] + ∇ ∙ [ρf Yjf Vjf] = rjf     j = 1, Nf (II-16) 

 

where Nf is the number of species, Yjf, the mass fraction of the j-specie, Vjf,  the velocity vector 

of the j-specie in the fluid-phase and rjf, the mass source of the j-specie by electrochemical 

reaction (production or consumption). The double subscript jf is adopted to signify that the j-

specie is present in the fluid phase. This information is redundant because only a single-phase 

is considered in this section but it will be important for a two-phase flow where water can be 

present in both liquid and gas phases. The equation of the species mass conservation is solved 

for Nf − 1 species at both side since the mixture density is calculated from the continuity equa-

tion. For example, the density of the nitrogen is deduced by difference of the mixture density 

and the densities of the oxygen and water vapor. All gases are considered as perfect. In addition, 

the velocity of the j-specie in the fluid-phase, Vjf, can be different from the fluid-phase velocity, 

Vf, which classically leads to the introduction of a diffusive flux jjf: 

 

jjf ≝ ρf Yjf(Vjf − Vf) (II-17) 

 

The local species mass conservation equation (II-16) can be rewritten as: 

 

∂

∂t
[ρf Yjf] + ∇ ∙ [ρf Yjf Vf] = −∇ ∙ jjf + rjf (II-18) 

 

when volume averaged by introducing the Fick’s law to represent the diffusion flux, Eq. (II-18) 

becomes: 

 

∂

∂t
〈ρjf〉 + ∇ ∙ 〈ρjf Vf〉 = ∇ ∙ [Dmj

∇〈ρjf〉] + 〈rjf〉 + Sjf
sf (II-19) 

 

where ρjf is the density of the j-specie in the fluid-phase (ρjf = ρfYjf), Dmj
, the mass diffusion 

coefficient of the j-specie diffusing into the other species and Sjf
sf, the sorption term. Sorption is 

an interface phenomenon as indicated by the superscript sf (solid-fluid interface). For a single-

fluid through a porous medium, the physical adherence of the gas mixture onto the solid matrix 

surface is called adsorption and the reverse process desorption. The sorption phenomenon is 

neglected by the one-fluid and two-fluid models in Chapter III and Chapter IV. As for the mass 
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balance, the same assumptions are made for this equation (rigid matrix and zero fluid velocity 

at the solid-fluid interface). Furthermore, the negligible variations of the mass diffusion coeffi-

cient of the j-specie over the averaging volume is assumed. Finally, the local volume-averaged 

species mass conservation equation leads to: 

 

∂

∂t
[ε 〈ρjf〉f] + ∇ ∙ [ε 〈ρjf〉f Vf 

̿̿ ̿
f
] = ∇ ∙ [Dmj

∇[ε 〈ρjf〉f]] + Sjf + Sjf
sf (II-20) 

 

where Sjf is the volume-averaged source term of the j-specie by electrochemical reaction: 

 

Sjf = ε 〈rjf〉f (II-21) 

 

The demonstration can be found in Appendix B. 

 

3.6 Local Volume-Averaged Momentum Equation 

The local momentum conservation is expressed by considering the following equation: 

 

∂

∂t
[ρf Vf] + ∇ ∙ [ρf Vf Vf] = ∇ ∙ Tf + ρf g (II-22) 

 

 

where g is the gravitational acceleration vector and Tf, the stress tensor defined by: 

 

Tf = τf − pf I (II-23) 

 

where τf is the viscous stress tensor, pf, the fluid-phase pressure and I, the identity tensor. Now 

substituting in Eq. (II-22) for Tf using Eq. (II-23), the following local momentum equation is 

obtained: 

 

∂

∂t
[ρf Vf] + ∇ ∙ [ρf Vf Vf] = −∇pf + ∇ ∙ τf + ρf g (II-24) 

 

Accumulation of momentum with time is described by the transient term while the second term 

represents the convection momentum flux. The first two RHS terms of the equation are the 
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effects of the pressure and viscous stress on momentum, respectively and the third term ex-

presses the gravitational force, which is negligible when considering only gas. When volume 

averaged, Eq. (II-24) becomes: 

 

∂

∂t
〈ρf Vf〉 + ∇ ∙ 〈ρf Vf Vf〉 = −∇〈pf〉 + ∇ ∙ 〈τf〉 + 〈ρf〉 g − 〈d〉sf (II-25) 

 

where 〈d〉sf is an average term due to the pressure and viscous forces at the solid-fluid interface. 

This term is complex to understand physically, which makes it even more difficult to find a 

coherent closure law. A suggestion can be found in [119] . The demonstration can be found in 

Appendix C. The following constitutive law classically represents the viscous stress tensor: 

 

τf = 2μf Df −
2

3
μf ∇ ∙ Vf I = μf (∇Vf + ∇TVf) −

2

3
μf ∇ ∙ Vf I (II-26) 

 

where μf is the fluid-phase dynamic viscosity and Df, the fluid-phase rate of strain tensor. The 

last and the penultimate terms represent the shear and the compression rates – expansion or 

contraction –, respectively. By substituting Eq. (II-26) for τf in Eq. (II-25), we have: 

 

∂

∂t
〈ρf Vf〉 + ∇ ∙ 〈ρf Vf Vf〉

= −∇〈pf〉 + ∇ ∙ [μf (∇〈Vf〉 + ∇T〈Vf〉)] −
2

3
∇[μf ∇ ∙ 〈Vf〉] + 〈ρf〉 g

− 〈d〉sf 

(II-27) 

 

Reynolds’ decomposition is needed to determine the average convective term, which cannot be 

expressed with only the Favre average. The local fluid velocity by applying Reynolds’ decom-

position including the Favre averaging is: 

 

Vf = Vf 
̿̿ ̿

f
+ Vf

′′ (II-28) 

 

where Vf
′′ is the fluid-phase fluctuating velocity. By applying the Favre averaging to the product 

of the fluid-phase velocities: 
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Vf Vf
̿̿ ̿̿ ̿̿

f
= Vf 

̿̿ ̿
f
 Vf 
̿̿ ̿

f
+ Vf

′′ Vf
′′̿̿ ̿̿ ̿̿ ̿̿

f
 (II-29) 

 

where the Favre average of the fluctuating velocity is zero (Vf
′′̿̿ ̿̿

f
= 0)  since the fluctuating part 

is defined as the quantity deviation from the Favre average. However, the Favre average of a 

product of fluctuating quantities is not zero (ψf
′′ψf

′′̿̿ ̿̿ ̿̿ ̿̿
f

≠ 0). Moreover, the Favre average verifies 

the following property: the average of a product of averaged quantities is the product of these 

quantities. The mathematical formulation leads to: 

 

Vf 
̿̿ ̿

f
 Vf 
̿̿ ̿

f̿̿ ̿̿ ̿̿ ̿̿
f

= Vf 
̿̿ ̿

f
 Vf 
̿̿ ̿

f
 

(II-30) 

 

By using Eqs. (II-28) and (II-29), Eq. (II-27) becomes:  

 

∂

∂t
[ε 〈ρf〉f Vf 

̿̿ ̿
f
] + ∇ ∙ [ε 〈ρf〉f Vf 

̿̿ ̿
f
 Vf 
̿̿ ̿

f
] + ∇ ∙ [ε 〈ρf〉f Vf

′′ Vf
′′̿̿ ̿̿ ̿̿ ̿̿

f
]

= −∇[ε 〈pf〉f] + ∇ ∙ [ε μf (∇Vf 
̿̿ ̿

f
+ ∇TVf 

̿̿ ̿
f
)] −

2

3
∇ [μf ∇ ∙ Vf 

̿̿ ̿
f
]

+ ε 〈ρf〉f g − 〈d〉sf 

(II-31) 

 

The momentum equation is relatively complex even for a single-fluid flow with the appearance 

of deviation and parietal terms when the local volume-average is applied. 

 

3.7 Darcy’s Law 

Momentum equation is generally reduced to Darcy's law in porous media, which was first ex-

perimentally determined by Darcy [121]. This law has since been theoretically refined from the 

N-S momentum equation by Whitaker [122] for a single-phase flow by considering a Stokes 

flow where viscous forces are dominant over inertial forces. Furthermore, the dilatation is ne-

glected and the fluid-velocity gradient is assumed symmetrical (∇〈Vf〉 = ∇T〈Vf〉). The theoreti-

cal development using transformation tensor6 leads to the local intrinsic-average Darcy’s law: 

 

                                                 
6 Transformation tensor is a closure method to relate the fluctuating quantities (at the microscopic scale) to the 

averaged quantities.  



MODEL FORMULATION OF THERMOFLUID MECHANICS IN PEM FUEL CELLS 

62 

 

Vf 
̿̿ ̿

f
= −

K

ε μf

(∇〈pf〉f − 〈ρf〉f g) (II-32) 

 

 

where K is the absolute permeability tensor. The permeability is the measure of the flow con-

ductance of the porous matrix, i.e. its ability to allow fluids to pass through it. It is a key param-

eter in the fluids mechanic through a porous medium. The permeability, defined on the total 

volume, is dependent on the geometry, the porosity and the size of the pores. Many authors 

have studied permeability, which is most often obtained empirically. Phillips et al. [123] and 

Taira and Liu [124] used in-situ measurements to obtain the permeability in GDLs. Gostick et 

al. [125] found strongly anisotropic properties for several commercial GDLs by measuring in 

three perpendicular directions. Note that the Darcy's law is affected by a 1/ε factor compared 

to its classic formulation. Indeed, the Darcy's law is traditionally presented in the form of the 

local volume-average velocity: 

 

〈Vf〉 = −
K

μf

(∇〈pf〉f − 〈ρf〉f g) (II-33) 

 

Finally, Darcy's law represents linear losses when the gravitational force is neglected due to 

microscopic viscous shear stresses. As only gas is considered, the gravitational force is ne-

glected in the one-fluid model (see Chapter III).  

 

3.8 Local Volume-Averaged Energy Conservation Equation 

The local continuity equation for energy in PEMFC considering a single-fluid flow is: 

 

∂

∂t
[ρf cpf

 Tf] + ∇ ∙ [ρf cpf
 Vf Tf] = −∇ ∙ Qf (II-34) 

 

where Tf is the fluid-phase temperature, Qf, the fluid-phase thermal diffusive flux. When vol-

ume averaged by introducing the Fick’s law to represent the diffusion flux, Eq. (II-34) becomes: 

 

∂

∂t
[ε 〈ρf 〉f cpf

 Tf 
̿̿̿

f
] + ∇ ∙ [ε 〈ρf〉f cpf

 Vf 
̿̿ ̿

f
 Tf 
̿̿̿

f
] = ∇ ∙ [kf

eff ∇Tf 
̿̿̿

f
] (II-35) 

 

where kf
eff is the effective fluid-phase thermal conductivity. The demonstration can be found in 
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[51]. 

 

4. Two-Phase Flow 

The importance of water management and its transport within PEM fuel cells was previously 

discussed. As a reminder, liquid water can be formed since the gases can become saturated by 

water vapor production and reactants consumption by the electrochemical reactions. Conse-

quently, water condenses. In addition, significant water transport mechanisms occur between 

the anode and cathode as presented in Chapter I. Therefore, a two-phase flow must be consid-

ered in both side, characterized by the presence of two distinct phases, which are the liquid 

water and gas mixture. When compared to a single-phase flow, the liquid-gas interface must be 

carefully examined for a two-phase flow. Indeed, there are wall exchange at the solid-liquid 

interface as well as at the solid-gas interface (sorption phenomena) but also fluid-fluid ex-

changes occur on the liquid-gas interface, due to thermal and mechanical non-equilibrium be-

tween the fluid phases. In this section, the local averaged continuity equations for a two-phase 

flow through a porous media are described. Before averaging the equations, some more defini-

tions and theorems are needed. 

 

 Multiphase Medium 

For a two-phase flow in PEM fuel cells, the fluid volume is the volume occupied by both the 

liquid and gas phase: 

 

Vf ≝ ∑ Vk

k≠s

 (II-36) 

 

where Vk is the volume associated to the k-phase; the k subscript referring to the liquid or gas 

phase. 

 

 k-Phase Volume Fraction 

The volume fraction αk occupied by the k-phase is the volume of the k-phase divided by the 

total fluid volume: 
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αk ≝
Vk

∑ Vkk≠s
=

Vk

Vf
=

Vk

ε V
 (II-37) 

 

 

The liquid volume fraction is called saturation in the rest of this work. The sum of the k-phase 

volume fractions is equal to 1: 

 

∑ αk

k≠s

= 1 (II-38) 

 

4.2 Topological Equations 

 Phase Indicator Function 

In order to obtain the averaged equations for a multiphase flow, it is necessary to introduce the 

Phase Indicator Function (PIF), which is an important function for the averaging theorems first 

introduced by Gray and Lee [126]. This function takes a value of unity in the k-phase and zero 

in all other phases: 

 

χk ≡ {
1
0

             in the k − phase

otherwise
 (II-39) 

 

Gray and Lee [126] derived this function to obtain: 

 

∇χk = −nk δI (II-40) 

 

where nk is the unit normal vector pointing out of the interfaces between the k-phase and the 

other phases and δI, the Dirac delta function analyzed and generalized by Lighthill [127]. 

 

 Reynolds Transport Theorem 

The following topological – local and instantaneous – equation is necessary to demonstrate the 

limit form of Leibniz's rule, also called Reynolds’ transport theorem: 
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∂χk

∂t
+ VI ∙ ∇χk = 0 (II-41) 

 

where VI is the microscopic velocity vector of the k-phase interface, which is different from the 

k-phase velocity. Finally, by using Eqs. (II-39) and (II-40), the Reynolds transport theorem 

becomes: 

 

〈χk

∂ψk

∂t
〉 =

∂

∂t
〈χk ψk〉 −

1

V
∫ ψk VI ∙ nk da

AIk

 (II-42) 

 

where ψk represents any quantity associated to the k-phase. Compared to a single-phase fluid, 

relating the average of the time derivative to the time derivative of the average for a multiphase 

flow forms an interfacial term between the k-phase and the other fluid phase as a surface inte-

gral. Only the interfacial term between the fluid phases is considered since the microscopic k-

phase velocities are assumed to be zero at the solid surface. Details can be found in [126]. 

 

 

4.3 Mathematical Averages 

 Local Volume-Average Associated with the k-Phase 

The local volume-average associated to the k-phase is defined by: 

 

〈χk ψk〉 ≝
1

V
∫ χk ψk

V

dv =
1

V
∫ ψk

Vk

dv (II-43) 

 

 Local Intrinsic-Average Associated with the k-Phase 

The local intrinsic-average associated to the fluid is expressed by: 

 

〈ψk〉k ≝
1

Vk
∫ ψk

Vk

dv =
1

αk Vf
∫ ψk

Vk

dv =
1

ε αk V
∫ ψk

Vk

dv (II-44) 

 

Similar to a single-fluid, the local intrinsic-average of the k-phase consider the k-phase volume 

and not the total volume as indicated by the k subscript after the second bracket. The relation 
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between the local volume-average and the local intrinsic-average is: 

 

〈χk ψk〉 = ε αk 〈ψk〉k (II-45) 

 

where the matrix and other phase volume are taken into account by the porosity and the k-phase 

volume fraction respectively. 

 

 

4.4 Theorems 

 Theorem of the Volume-Average of a Gradient 

The relation between the volume-average of a gradient and the gradient of the volume-average 

in order to obtain the averaged equations for a two-phase flow is: 

 

〈χk ∇ψk〉 = ∇〈χk ψk〉 +
1

V
∫ ψk nk da

AIk

 (II-46) 

 

 

where AIk is the interface area between the k-phase and the others phases. The last RHS term 

represents the discontinuity on the interface area AIk, i.e. at the interface liquid-gas but also at 

the liquid-solid and gas-solid interfaces. 

 

 

 Theorem of the Volume-Average of a Divergence 

Similarly, the relation between the volume-average of a divergence and the divergence of the 

volume-average is needed: 

〈χk ∇ ∙ ψk〉 = ∇ ∙ 〈χk ψk〉 +
1

V
∫ ψk ∙ nk da

AIk

 (II-47) 
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4.5 Local Volume-Averaged Mass Equation 

The local continuity equation for the k-phase is given by: 

 

∂ρk

∂t
+ ∇ ∙ (ρk Vk) = rk (II-48) 

 

where ρk is the k-phase density, Vk, the k-phase velocity vector and  rk, the mass source of the 

k-phase by chemical reaction, i.e. production and consumption. When multiplied by χk and 

volume averaged, it becomes: 

 

∂

∂t
〈χk ρk〉 + ∇ ∙ 〈χk ρk Vk〉 = 〈χk rk〉 + Γk

Ik (II-49) 

 

By defining the mass transfer due to phase change – evaporation or condensation– as following: 

 

Γk
Ik =

1

V
∫ ṁk da

AIk

=
1

V
∫ ρk (VI − Vk) ∙ nk da

AIk

 (II-50) 

 

where ṁk is the mass gain of k-phase per unit interfacial surface. The term is defined so that 

what one phase gains is lost by the other. By intrinsic and Favre averaging, Eq. (II-49) becomes: 

 

∂

∂t
[ε αk 〈ρk〉k] + ∇ ∙ [ε αk 〈ρk〉k Vk

̿̿ ̿
k

] = Sk + Γk
Ik (II-51) 

 

where Sk is the volume-averaged source term by electrochemical reaction: 

 

Sk = ε αk 〈rk〉k (II-52) 

 

4.6 Local Volume-Averaged Species Mass Conservation Equation 

The local species mass conservation equation is: 

∂

∂t
[ρk Yjk] + ∇ ∙ [ρk Yjk Vjk] = rjk     j = 1, Nk (II-53) 
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where the jk subscript indicates the j-specie in the k-phase. Nk is the number of species in the 

k-phase, Yjk, the mass fraction of the j-specie in the k-phase, Vjk, the velocity vector of the j-

specie in the k-phase and rjk, the mass source of the j-specie in the k-phase by electrochemical 

reaction – production or consumption. As for a single-phase flow, a diffusive flux is introduced 

to take into account for the difference between the j-specie and k-phase velocities: 

 

jjk ≝ ρk Yjk (Vjk − Vk) (II-54) 

 

The local mass conservation equation becomes: 

 

∂

∂t
[ρk Yjk] + ∇ ∙ [ρk Yjk Vk] = −∇ ∙ jjk + rjk  (II-55) 

 

When volume averaged, Eq. (II-55) is written: 

 

∂

∂t
〈χk ρjk〉 + ∇ ∙ 〈χk ρjk Vk〉 = ∇ ∙ [Dmj

∇〈χk ρjk〉] + Sjk + Γjk
Ik + Sjk

Ik (II-56) 

 

where Sjk is the volume-averaged source term of the j-specie in the k-phase by electrochemical 

reaction, Γjk
Ik, the mass transfer due to phase change and Sjk

Ik, the sorption phenomenon. With 

intrinsic and Favre averaging, Eq. (II-56) becomes: 

 

∂

∂t
[ε αk 〈ρjk〉k] + ∇ ∙ [ε αk 〈ρjk〉k Vk

̿̿ ̿
k

]

= ∇ ∙ [Dmj
∇(ε αk 〈ρjk〉k)] + Sjk + Γjk

Ik + Sjk
Ik 

(II-57) 

 

4.7 Local Volume-Averaged Momentum Equation 

The local momentum equation for a two-phase flow is: 

 

∂

∂t
[ρk Vk] + ∇ ∙ [ρk Vk Vk] = −∇pk + ∇ ∙ τk + ρk g  (II-58) 

 

where τk is the viscous stress tensor and pk, the k-phase pressure. When volume averaged, the 
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momentum equation becomes: 

 

∂

∂t
〈χk ρk Vk〉 + ∇ ∙ 〈χk ρk Vk Vk〉

= −∇〈χk pk〉 −
1

V
∫ pk nk da

AIk

+ ∇ ∙ 〈χk τk〉 +
1

V
∫ τk ∙ nk da

AIk

+ 〈χk ρk g〉 + Γk
Ik VΓ 

(II-59) 

 

With 

 

Γk
Ik VΓ =

1

V
∫ ṁk Vk da

AIk

=
1

V
∫ ρk Vk VI ∙ nk da

AI,k

−
1

V
∫ ρk Vk Vk ∙ nk da

AIk

 (II-60) 

 

where VΓ is the average velocity vector weighted by the phase change, which is common to 

both phases so that the momentum transfer between the phases does not create or destroy mo-

mentum in the fluid mixture. Finally, Γk
Ik VΓ represents a momentum exchange between the 

fluid phases when there is evaporation or condensation. The following constitutive law for the 

viscous stress tensor is introduced: 

 

τk = 2μk Dk −
2

3
μk ∇ ∙ Vk I = μk (∇Vk + ∇TVk) −

2

3
μk ∇ ∙ Vk I (II-61) 

 

where μk is the k-phase dynamic viscosity and Dk, the k-phase strain tensor. Similar to a single-

phase flow, μk (∇Vk + ∇TVk) represents the shear rate and −
2

3
μk ∇ ∙ Vk I, the compression rate 

(expansion or contraction). The compression rate is zero for the liquid phase, assumed incom-

pressible. The volume-averaged momentum equation becomes: 
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∂

∂t
〈χk ρk Vk〉 + ∇ ∙ 〈χk ρk Vk Vk〉

= −∇〈χk pk〉 −
1

V
∫ pk nk da

AIk

+ ∇ ∙ [μk (χk ∇〈Vk〉 + χk ∇T〈Vk〉)]

+
μk

V
∫ (∇Vk + ∇TVk) ∙ nk da

AIk

+ ∇ ∙ (
μk

V
∫ (Vk nk + nk Vk) da

AIk

)

−
2

3
∇[μk χk ∇ ∙ 〈Vk〉] −

2

3
(μk ∫ ∇Vk ∙ nk da

AIk

)

−
2

3
∇ (

μk

V
∫ Vk ∙ nk da

AIk

) + 〈χk ρk g〉 + Γk
Ik VΓ 

(II-62) 

 

 

with intrinsic and Favre averages, Eq. (II-62) can be rewritten: 

 

∂

∂t
[ε αk 〈ρk〉k Vk

̿̿ ̿
k

] + ∇ ∙ [ε αk 〈ρk〉k Vk
̿̿ ̿

k
 Vk
̿̿ ̿

k
] + ∇ ∙ [ε αk 〈ρk〉k Vk

′′ Vk
′′̿̿ ̿̿ ̿̿ ̿̿

k
]

= −∇[ε αk 〈pk〉k] −
1

V
∫ pk nk da

AIk

+ ∇

∙ [μk ε αk (∇Vk
̿̿ ̿

k
+ ∇TVk

̿̿ ̿
k

)] +
μk

V
∫ (∇Vk + ∇TVk) ∙ nk da

AIk

+ ∇

∙ (
μk

V
∫ (Vk nk + nk Vk) da

AIk

) −
2

3
∇ [μk ε αk ∇ ∙ Vk

̿̿ ̿
k

]

−
2

3
(μk ∫ ∇Vk ∙ nk da

AIk

) −
2

3
∇ (

μk

V
∫ Vk ∙ nk da

AIk

) + ε αk 〈ρk〉k g

+ Γk
Ik VΓ 

(II-63) 

 

 

where Vk
′′ is the k-phase fluctuating velocity vector and   ̿k, the Favre averaging as explained in 

the single-phase flow section but applied to the k-phase. The Reynolds’ decomposition is used 

in Eq. (II-63) to replace the average of the product by the product of the averages: 

 

Vk = Vk
̿̿ ̿

k
+ Vk

′′ (II-64) 

 



MODEL FORMULATION OF THERMOFLUID MECHANICS IN PEM FUEL CELLS 

71 

 

Vk Vk
̿̿ ̿̿ ̿̿ ̿

k
= Vk

̿̿ ̿
k

 Vk
̿̿ ̿

k
+ Vk

′′ Vk
′′̿̿ ̿̿ ̿̿ ̿̿

k
 (II-65) 

 

with Vk
′′̿̿ ̿̿

k
= 0 by definition. Finally, the local intrinsic momentum equation is complex due to 

the numerous terms of exchange between the fluid phases. It is difficult to understand correctly 

the phase transfer mechanisms described by its terms, which makes it all the more difficult to 

find the adequate closure laws. It should also be noted that these terms are frequently sources 

of numerical instabilities. For more details, Slattery [128], Whitaker [122][129], Gray [130], 

Bear and Bensabat [131], Hassanizadeh and Gray [132]-[133], and Gray and Hassanizadeh 

[134] examined the volume averaging of the continuity equations for a two-phase flow through 

a porous media. It is therefore necessary to simplify this equation by introducing the extension 

of Darcy's law for a two-phase flow. 

 

 

4.8 The Extended Two-Phase Darcy’s Law 

As for a single-phase, a Stokes flow, a negligible dilation and a symmetric gradient of the k-

phase velocity (∇〈Vk〉 =  ∇T〈Vk〉) are assumed in the local intrinsic-average momentum equa-

tion in order to demonstrate the extended two-phase Darcy’s law. Furthermore, Whitaker 

[122][129] introduced transformation tensors and vectors to express the fluctuating quantities 

as a function of the average quantities. This approach has been discussed at length in [51]. This 

method remains arbitrary but allows to « theoretically » obtain the extended two-phase Darcy’s 

law: 

 

Vk
̿̿ ̿

k
= −

K Krk

ε αk μk

[∇〈pk〉k − 〈ρk〉k g] (II-66) 

 

 where K is the absolute permeability already discussed in the single-phase flow section and 

Krk, the relative permeability of the k-phase. The relative permeabilities represent the phase 

distributions and their influence on each other. This parameter alone expresses most of the ex-

change terms at the liquid-gas interface present in the local intrinsic-average momentum equa-

tion. From another point of view, the effect of the microscopic shear stress (both pressure and 

viscous effect), the interfacial drag at AIk and the Marangoni effect are all included in the rela-

tive permeabilities. Therefore, it can be expected that Krk depends on the viscosity, density and 
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velocity ratios because of significant difference between the liquid and gas phase quantities. 

However, it is difficult to adequately express the relative permeability since it is affected by 

many parameters. Muskat and Meres [135] were the first to discuss the relative permeability. 

They introduce a simplifying relation to a saturation dependence only. This empirical model is 

still widely discussed and used today: 

 

Krk = αk
nk (II-67) 

 

where nk is a key parameter, which generally takes values between 2 and 5. A value of 3 for 

this exponent is commonly used. Relative permeability has been studied at length by Brooks 

and Corey [136]. They proposed a theoretical model depending on saturation and compared it 

with experimental measurements. However, their models are not necessarily suitable for a PEM 

fuel cell. More recently, Hussaini and Wang [137] measure air and water relative permeabilities 

as a function of saturation for several commercial GDL materials. They establish new satura-

tion-dependent correlations for in-plane relative permeability of water and air. Finally, nk pa-

rameter has an important influence on the phase velocities and therefore significantly impact 

the liquid water distribution. A sensitivity study to this coefficient is presented in Appendix G: 

nk Coefficient Sensitivity Study (from 2 to 5). The gravitational force is neglected in the two-

fluid model (see Chapter IV). 

 

Conclusion 

As a complex multilayers and multiphysics system, the theoretical physics in PEMFCs are still 

widely studied. Indeed, all the processes such as electrochemical reactions, thermofluid dy-

namic flow and phase change are strongly coupled and dependent on the operating conditions, 

the component design and material properties. Therefore, the theory of thermofluid mechanics 

in PEM fuel cells was examined in this chapter. The continuity equations of mass, species mass, 

momentum and energy were reviewed from the local and instantaneous equations for a single-

phase and two-phase flow. The local volume-averaging method over the Representative Ele-

mentary Volume was applied to upscale the conservation equations in porous media. In addi-

tion, Darcy’s law was introduced as a reduced formulation of the momentum equation for the 

porous layers as well as the gas channels by considering a tortuosity and porosity equal to the 

unit. 
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Introduction 

In this chapter, the one-fluid (1-F) PEMFC model is presented considering a single-phase flow. 

The transport equations, detailed in Chapter III, are coupled to a semi-empirical electrochemical 

model. The cooling circuit is also represented by the model. The pseudo-3D (P3D) approach is 

applied by considering each cell component as a plane layer. The model was previously devel-

oped and validated for temperatures and current density by comparison with Current Scan Lin 

S++ measurements [138]. In this study, a particular condensation model is implemented, which 

calculates the amount of condensed water vapor, to numerically investigate the liquid water 

distribution in the different cell components. The condensation model is confronted with a clas-

sical phase-separated flow model [139] in order to examine its validity range. The model has 

been implemented in the commercial COMSOL Multiphysics® software for all the cell layers 

of a large surface PEM fuel cell. The geometry of the stack is presented in this chapter. In 

addition, a sensitivity study is performed to analyze some important parameters in the modeling 

of water transport mechanisms detailed in Chapter I. Finally, the numerical water distribution 

is examined and discussed at the cell and rib/channel scales by comparison with liquid water 

neutron imaging. The experimental method is detailed in Appendix E.  

 

 

1. Pseudo-3D Formulation 

As discussed previously, PEM fuel cells are multiphysics and multi-component systems with 

strong interdependencies on temperature, current density and water content. On one hand, a 3D 

model seems required to represent all the interactions between the components. On the other 

hand, full 3D models still require too much computational resources and time, especially when 

the operation of a large area FC must be simulated. The 3D models developed are therefore 

limited to reduced cell geometries such as a single straight channel or considered more or less 

significant assumptions like isothermal process or single-phase transport . The pseudo-3D ap-

proach is then used in the model in order to simulate a large surface cell while keeping the real 

design of the bipolar plates with a reasonable computing time. 
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2. Principle 

Each component of a cell in any PEMFCs has a very small thickness, usually between 5 and 

400 μm, compared to its length and width. The aspect ratio between the thickness and other 

dimensions is then low (1.10-5 – 1.10-2) for the majority of components in PEM fuel cells. 

Therefore, it seems appropriate to consider each component as a plane layer (Fig. III-1). Con-

sequently, each layer is accurately in-plane discretized to obtain the 2D conservation equations 

where non-classical source terms appear to represent the flux exchanges between the adjacent 

components. Finally, the model considers the cell as a multilayered system and becomes the 

pseudo-3D model by introducing the in-plane variables, which are averaged values along the 

component thickness.  

 

 

Fig. III-1. From full 3D to pseudo-3D model – from [37]. 

 

 

2.1 Integration Development 

The conservation equations are integrated along the component thickness to obtain the P3D 

formulation for a single-phase flow. The integration of the mass equation leads to: 

 

∫ (
∂

∂t
[ε〈ρf〉f])

e

0

dz + ∫ (∇3D ∙ [ε〈ρf〉f Vf 
̿̿ ̿

f
]) dz

e

0

= ∫ Sf dz
e

0

 (III-1) 

 

 

where e is the component thickness. The differential operator ∇3D and the fluid-velocity vector 

Vf 
̿̿ ̿

f
 are decomposed into the three-dimensional Cartesian coordinate system to obtain: 

∫ (
∂

∂t
[ε 〈ρf〉f]) dz

e

0

+ ∫ (
∂

∂x
[ε 〈ρf〉f uf ̿̿ ̿f] +

∂

∂y
[ε 〈ρf〉f vf ̿̿̿

f
] +

∂

∂z
[ε 〈ρf〉f wf̿̿ ̿

f
]) dz

e

0

= Sf e 

(III-2) 
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where uf ̿̿ ̿
f
, vf ̿̿̿

f
 and wf̿̿ ̿

f
 are the Favre-average fluid-phase velocity according to x, y, and z di-

rections, respectively. The electrochemical source term Sf  is considered constant over the thick-

ness. Furthermore, the integrals are swapped with the differential operators. Finally, each term 

is divided by the component thickness leading to: 

 

∂

∂t
(

1

e
∫ [ε 〈ρf〉f] dz

e

0

) +
∂

∂x
(

1

e
∫ [ε 〈ρf〉f uf ̿̿ ̿

f
] dz

e

0

) +
∂

∂y
(

1

e
∫ [ε 〈ρf〉f vf ̿̿̿

f
] dz

e

0

)

+
1

e
[ε 〈ρf〉f wf̿̿ ̿

f
]

0

e

= Sf 

(III-3) 

 

 

As a reminder, the porosity is assumed constant over the entire volume. Under this assumption, 

we have: 

 

1

e
∫ [ε 〈ρf〉f] dz

e

0

= ε 
1

e
∫ 〈ρf〉f dz

e

0

 (III-4) 

 

1

e
∫ [ε 〈ρf〉f uf ̿̿ ̿

f
] dz

e

0

= ε 
1

e
∫ 〈ρf〉f uf ̿̿ ̿

f
dz

e

0

 (III-5) 

 

1

e
∫ [ε 〈ρf〉f vf ̿̿̿

f
] dz

e

0

= ε 
1

e
∫ 〈ρf〉f vf ̿̿̿

f
 dz

e

0

 (III-6) 

 

 

where the local thickness-average 
1

e
∫ ψ dz

e

0
 can be recognized. Considering a small thickness, 

the average of a product is equal to the product of the averages since the fluid-density and 

velocities according to x and y directions are considered constant over the thickness. In other 

words, the in-plane fluid-velocity, also called filter velocity, is assumed uniform, which means 

the through-plane fluctuating velocity is zero by neglecting the through-plane profile effects. 

Finally, the pseudo-3D description for the mass equation is expressed by:  

 

∂

∂t
[ε 〈ρf〉f,e] + ∇2D ∙ [ε 〈ρf〉f,e Vf,e

̿̿ ̿̿
f
] +

Jconv
+

e
+

Jconv
−

e
= Sf (III-7) 
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where the e subscript refers to an in-plane variable, Vf,e
̿̿ ̿̿

f
= uf ̿̿ ̿

f
 ex + vf ̿̿̿

f
 ey, the in-plane fluid-

velocity with ex and ey, the unit vectors of the x and y axes, respectively. Jconv
+  and Jconv

−  are 

the convective mass-fluxes across the interfaces of the different components described by:  

 

Jconv
+

e
=

1

e
 ε 〈ρf〉f wf̿̿ ̿

f
|

e
 (III-8) 

 

Jconv
−

e
= −

1

e
 ε 〈ρf〉f wf̿̿ ̿

f
|

0
 (III-9) 

 

 

The same development is applied to the species (III-10) and energy (III-11) conservation equa-

tions:  

 

∂

∂t
[ε 〈ρjf〉f,e] + ∇2D ∙ [ε 〈ρif〉f,e Vf,e

̿̿ ̿̿
f
] +

Jconv,j
+

e
+

Jconv,j
−

e

= ∇2D ∙ [Dmj
∇2D(ε 〈ρif〉f,e)] +

Jdiff,j
+

e
+

Jdiff,j
−

e
+ Sjf 

(III-10) 

 

∂

∂t
[ε 〈ρf〉f,e cpf

 Tf,e
̿̿ ̿̿

f
] + ∇2D ∙ [ε 〈ρf〉f,e cpf

 Vf,e
̿̿ ̿̿

f
 Tf,e
̿̿ ̿̿

f
] +

Jconv,T
+

e
+

Jconv,T
−

e

= ∇ ∙ [kf
eff ∇2D (ε Tf,e

̿̿ ̿̿
f
)] +

Jdiff,T
+

e
+

Jdiff,T
−

e
 

(III-11) 

 

 

where the same assumptions are retained for these equations as for the mass balance. Other 

assumptions are needed in the pseudo-3D writing of species and energy equations. The varia-

tions of the mass diffusion coefficient and thermal conductivity Dmj
 and kf

eff are assumed neg-

ligible over the volume in the same way as the variation of the temperature over thickness. 

Similar to the convective mass-fluxes across the interfaces of the different components, Jdiff,j
+ , 

Jdiff,j
−  and J

diff,T
+ , J

diff,T
−  represent the through-plane diffusive mass-fluxes of the j-specie and 

through-plane thermal-fluxes when the diffusion transport is described by the P3D formulation. 

More details can be found in [37][138] and Appendix I. 
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2.2 Advantages and Limitations 

The pseudo-3D model predicts the distributions of current density, species concentrations, wa-

ter content and temperature in all the components of the cell with a lower computation time 

compared to a full 3D model, while representing the real flow-field design. Rizvandi and Ye-

silyurt [140] developed both full 3D and P3D models in order to compare the Degrees of Free-

dom (DOF), CPU time, and the required RAM. They concluded that the P3D model is about 

40 times faster than the full 3D model, while keeping consistent results. From a numerical point 

of view, the P3D model is identical to a full 3D model with only one mesh element in its thick-

ness. Nevertheless, some z-information are lost with the P3D model by considering constant 

variables over the thickness. Other models are needed to capture all the heterogeneities over the 

three dimensions such as the pore network model, which is not suitable at the scale of a large 

area cell as discussed in Chapter I.  

 

3. One-Fluid Equations 

This section presents the P3D transport and electrochemical equations implemented in COM-

SOL Multiphysics®. In addition, the source terms are detailed for all the layers including the 

mathematical formulation of the water transport mechanisms through the membrane already 

introduced in Chapter I. Finally, the condensation model is presented to investigate the thick-

ness of liquid water in each component of the cell.  

 

3.1 Geometrical Domain 

 Gas Channels and Gas Diffusion Electrodes 

The conservation equations for mass (III-7) and species (III-10) for a single-phase flow with 

the P3D formulation are solved on both the anode and cathode side in the gas channels and gas 

diffusion electrodes (GCs-GDEs). Gas diffusion electrodes consist of the gas diffusion, micro-

porous and catalyst layers (GDL-MPL-CL) to form a single porous medium on each side. The 

momentum equation is reduced to Darcy's law in the GCs and GDEs. Unlike fluid dynamics 

solved by considering a single porous medium on each side, the energy equation (III-11) is 

calculated in GCs and reduced to the conduction heat transfer equation in all porous layers, i.e. 

considering GDLs, MPLs and CLs. The reference geometry of the pseudo-3D model is pre-

sented in Fig. III-4. The physical and geometric values implemented in the one-fluid model are 

presented in Appendix H. 
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The mass diffusion coefficient of the j-specie in (III-10) is generally modified by the Brug-

geman correlation to obtain the effective mass diffusion coefficient in order to consider tortuous 

materials in fuel cells: 

 

Dmj

eff =
Dmg

τn
 (III-12) 

 

 

where τ is the tortuosity (dimensionless) and n, the Bruggeman factor (equal to 1.5 in the 

model). The tortuosity, also called tortuosity factor, represents the geometric complexity of a 

porous medium. It is usually defined as the ratio between the average length of the curved paths 

followed by a fluid in a porous medium over a straight path. Ghanbarian et al. [141] reviewed 

tortuosity in porous media in detail.  

 

 Cooling Circuit 

A classical continuity (III-13) and the semi-heuristic (III-14) equations respectively describe 

the mass and momentum transport in the cooling water (CW) channels:  

 

∇2D ∙ Vcw = 0 (III-13) 

 

ρcw

∂

∂t
Vcw + ρcw(Vcw ∙ ∇2D)Vcw

= −∇2D pcw + ∇2D ∙ [μcw(∇2DVcw + ∇2D
T Vcw)] −

μcw

K
Vcw

−
1

K2
‖Vcw‖Vcw + ρcw g 

(III-14) 

 

 

where cw denotes the cooling water, which is considered incompressible, Vcw, the CW velocity 

vector and K2, the  Forchheimer correction tensor. This equation is based on the works of  

Brinkman, [142], Wooding [143] and Whitaker [122], which is not rigorously demonstrated. 

This is the semi-heuristic volume-averaged equation to describe the complex flows in the cool-

ing circuit. Indeed, the vacant space between the anode/cathode polar plates forms the cooling 

circuit in the F-type flow design (Fig. III-4b), which can therefore present chaotic flow zones, 

clearly identified in [37]. For this reason, additional terms are present in the momentum equa-

tion to take into account all complex flow phenomena in a semi-empirical way. The first 3 terms 
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in Eq. (III-14) respectively represent the inertial unsteady term, macroscopic inertial forces and 

pressure gradient as already discussed in Chapter II. The second RHS term, also called Brink-

man's term, expresses the macroscopic viscous stress. The third RHS term is Darcy's law to 

represent the linear losses because of microscopic viscous shear stresses. The Forchheimer term 

(quadratic expression) takes into account the non-linear losses due to the consecutive section 

changes in the cooling circuit. Indeed, a loss of inertial pressure is caused by the acceleration 

and deceleration of the cooling fluid as it flows along non-regular pattern. Finally, the last term 

corresponds to the gravitational force. All the governing equations are summarized in Table III-

1. 
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   Table III-1 

   Governing equations 

   Component 
Conservation  

equation 
  General form 

   GCs Mass   
∂

∂t
〈ρf〉f,e + ∇2D ∙ [〈ρf〉f,e Vf,e

̿̿ ̿̿
f
] +

Jconv
+

eGC
+

Jconv
−

eGC
= Sf (A) 

  Momentum    Vf,e
̿̿ ̿̿

f
= −

KGC

μf
∇2D 〈pf〉f,e (B) 

  Species    
∂

∂t
〈ρjf〉f,e + ∇2D ∙ [〈ρjf〉f,e Vf,e

̿̿ ̿̿
f
] +

Jconv,j
+

eGC
+

Jconv,j
−

eGC
= ∇2D ∙ [Dmj

eff ∇2D 〈ρjf〉f,e] +
Jdiff,j

+

eGC
+

Jdiff,j
−

eGC
  (C) 

 Energy  
∂

∂t
[〈ρf〉f,e cpf

 Tf,e
̿̿ ̿̿

f
] + ∇2D ∙ [〈ρf 〉f,e cpf

 Vf,e
̿̿ ̿̿

f
 Tf,e
̿̿ ̿̿

f
] = ∇ ∙ [kf

eff ∇2D (Tf,e
̿̿ ̿̿

f
)] +

Jdiff,T
+

eGC
+

Jdiff,T
−

eGC
 (D) 

   GDEs Mass   
∂

∂t
[εGDE 〈ρf〉f,e] + ∇2D ∙ [εGDE 〈ρf〉f,e Vf,e

̿̿ ̿̿
f
] +

Jconv
+

eGDE
+

Jconv
−

eGDE
= Sf (E) 

  Momentum   Vf,e
̿̿ ̿̿

f
= −

KGDE

εGDE μf
∇2D 〈pf〉f,e (F) 

  Species   
∂

∂t
[εGDE 〈ρjf〉f,e] + ∇2D ∙ [εGDE 〈ρjf〉f,e Vf,e

̿̿ ̿̿
f
] +

Jconv,j
+

eGDE
+

Jconv,j
−

eGDE
= ∇2D ∙ [Dmj

eff ∇2D(εGDE 〈ρjf〉f,e)] +
Jdiff,j

+

eGDE
+

Jdiff,j
−

eGDE
+ Sjf (G) 

 Energy GDLs 
∂

∂t
[(1 − εGDL) ρGDL cpGDL

 TGDL,e
̿̿ ̿̿ ̿̿ ̿̿

GDL
] − ∇ ∙ [kGDL ∇2D ((1 − εGDL) TGDL,e

̿̿ ̿̿ ̿̿ ̿̿
GDL

)] =
Jdiff,T

+

eGDL
+

Jdiff,T
−

eGDL
+ QT (H) 

  MPLs 
∂

∂t
[(1 − εMPL) ρMPL cpMPL

 TMPL,e
̿̿ ̿̿ ̿̿ ̿̿

MPL
] − ∇ ∙ [kMPL ∇2D ((1 − εMPL) TMPL,e

̿̿ ̿̿ ̿̿ ̿̿
MPL

)] =
Jdiff,T

+

eMPL
+

Jdiff,T
−

eMPL
+ QT (I) 

    CLs 
∂

∂t
[(1 − εCL) ρCL cpCL

 TCL,e
̿̿ ̿̿ ̿̿

CL
] − ∇ ∙ [kCL ∇2D ((1 − εCL) TCL,e

̿̿ ̿̿ ̿̿
CL

)] =
Jdiff,T

+

eCL
+

Jdiff,T
−

eCL
+ QT + ST  (J) 

   CW channels Mass   
∇2D ∙ 〈Vcw〉f,e = 0 (K) 

  Momentum   ρcw

∂

∂t
〈Vcw〉f,e + ρcw(〈Vcw〉f,e ∙ ∇2D)〈Vcw〉f,e = −∇2D pcw + ∇2D ∙ [μcw(∇2D 〈Vcw〉f,e + ∇2D

T  〈Vcw〉f,e)] +
μcw

K
〈Vcw〉f,e +

1

K2
‖〈Vcw〉f,e‖〈Vcw〉f,e + ρcw g (L) 

  Energy    ρcw cpCW

∂〈TCW〉f,e

∂t
+ ∇2D ∙ [ρcw cpCW

 〈Vcw〉f,e 〈TCW〉f,e] = ∇ ∙ [kCW
eff  ∇2D 〈TCW〉f,e] +

Jdiff,T
+

eCW
+

Jdiff,T
−

eCW
 (M) 
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3.2 Electrochemical Model 

The transport equations are coupled to a classical electrochemical model to obtain the current 

density i. A uniform cell potential Ucell is assumed along the cell surface, described by the 

following equation: 

 

Ucell = Erev + η + ηohm (III-15) 

 

 

where Erev is the reversible potential, η, the overpotential (both activation and diffusion) and 

ηohm, the ohmic losses.  

 

 Reversible Potential 

The well-known Nernst equation is used to obtain the reversible potential expressed as follows: 

 

Erev = a1 + a2T + a3T ln(PO2
) + 2a3T[ln(PH2

) − ln(PH2O)] (III-16) 

 

 

where ai are physical parameters detailed in Table III-2 according to the Gibbs free energy G0 

and entropy S0 variations at standard temperature and pressure. In addition, R refers to the uni-

versal gas constant and F, the Faraday constant in the expressions of ai. Finally, the Nernst 

reversible potential only depends on temperature T and partial pressures Pj (j: O2, H2, H2O). 

Barbir [23] explained fuel cell chemistry and thermodynamics in details. 

 

   Table III-2 

   Physical parameters 

   Parameter Expression Value Unit 

a1 

∆H0

2F
 1.4824 [V] 

a2 
∆S0

2F
 -1.593⸱10-3 [V/K] 

a3 
R

4F
 2.154⸱10-5 [V/K] 
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 Overpotential 

A semi-empirical formulation is adopted to describe the overpotential, which is function of 

temperature, current density and partial pressures: 

 

 

η = β1 + β2T + β3T ln(i) + β4T ln(PO2
) + β5T ln(PH2O) + β6T ln(PH2

) (III-17) 

 

 

where βi are empirical coefficients dependent on the thermodynamics and kinetics of the elec-

trochemical reactions. βi parameters were calibrated on a 5 cm² active area laboratory cell for 

different polarization curves recorded where the partial pressures, the temperature and the hu-

midity in the cell varied [138]. They are listed in Table III-3.  

 

 

   Table III-3 [138] 

   Empirical coefficients 

   Coefficient Value Unit 

β1 -0.75384 [V] 

β2 3.39⸱10-4 [V/K] 

β3 -7.84 ⸱10-5 [V/K] 

β4 1.298⸱10-4 [V/K] 

β5 0 [V/K] 

β6 5.13 ⸱10-5 [V/K] 

 

 

 Cell Internal Resistance 

The total cell internal resistance (density) RT includes both ionic, electronic, and contact re-

sistances denoted by the p (proton), e and c subscripts, respectively: 

 

 

RT = Rp + Re + Rc (III-18) 
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Electronic resistance is negligible, even when non-metal current collectors are used [23]. Fi-

nally, the ohmic losses become:  

 

ηohm = −(Rp + Rc) i (III-19) 

 

The contact resistance only depends on the materials characteristics. Nandjou [37] presented in 

detail the different contact resistances in the F-geometry FC by considering the real architecture 

of bipolar plates and welding points associated. The proton resistance of the membrane is ob-

tained by the following equation: 

 

Rp =
eM

σM
 (III-20) 

 

 

where eM is the membrane thickness and σM, the membrane proton conductivity, which, as 

discussed in Chapter I, strongly depends on the water content in the membrane. It is defined 

according to Springer's law [41]: 

 

σM = (33.75 λM − 21.41) e1268/T (III-21) 

 

 

3.3 Source Terms 

 Electrochemical Source Term 

According to the Faraday’s law, the reactants consumption and water production Sjf are directly 

proportional to current density: 

- at the cathode side 

SO2
= − (

MO2

4F
 i) /ecomp (III-22) 

SH2O = + (
MH2O

2F
 i) /ecomp (III-23) 
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- at the anode side  

SH2
= − (

MH2

2F
 i) /ecomp (III-24) 

 

where Mj are the molar mass of the j-species (j: O2, H2, H2O). Negative and positive signs con-

ventionally represent the consumption and production, respectively. The source term Sf in mass 

balance becomes: 

- at the cathode side 

Sf = SO2
+ SH2O (III-25) 

 

- at the anode side 

Sf = SH2
 (III-26) 

 

where water is produced in vapor form by the electrochemical reaction. 

 

 Heat Source Term 

The heat source term ST in the energy transport equation in CLs, represent the heat released by 

the electrochemical reaction (as an exothermic process) by considering the total energy balance, 

which corresponds to the difference of the power by hydrogen combustion and electrical power 

produced: 

 

ST = { (
∆H0

2F
− Ucell)  i          at the cathode side   

              0                         at the anode side        

 (III-27) 

 

 

where ∆H0 is the enthalpy of formation of water in the operating conditions. All the entropy 

and electrochemical activation heats are located at the cathode catalyst layer/membrane inter-

face in the model. As discussed at length, a phase change of water can take place in all the 

layers of the cell except in the cooling circuit and membrane. The enthalpy of reaction ∆H0 can 

take two different values ∆Hv and ∆Hl (Eq. (III-28)) depending on the phase of the water pro-

duced, respectively vapor or liquid. As stated in Section 3.4, in this one-fluid model, water 

vapor is treated as an incondensable ideal gas. Its partial pressure PH2O can then reach a value 
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higher than the saturation pressure Psat(T) (only temperature-dependent), which considers a 

thermodynamic equilibrium between vapor and liquid phase. A production of vapor is consid-

ered when the partial pressure of water is lower than the saturation pressure. Conversely, if the 

saturation pressure is reached or exceeded, water cannot be produced in vapor phase, and a 

production of liquid water is considered. Finally, the two values of the reaction enthalpy are: 

 

∆H0 = {
∆Hv = 242 kJ mol−1  

∆Hl = 285.8 kJ mol−1       
if PH2O < Psat(T) 

if PH2O ≥ Psat(T)
 (III-28) 

 

The heat released during the reaction can be significant, which is important to dimension the 

heat exchanger for an automobile application. Furthermore, the temperatures can be highly het-

erogeneous particularly when considering a large electrochemical surface area. For example, a 

maximum difference of 14°C (Fig. III-9) is reached for the F-type stack in low power (humid) 

operating conditions [144]. 

 

Moreover, heat by Joule effect QT is produced by the electrons and protons transport in the 

conductive components: 

 

QT =
i2

σcomp
 (III-29) 

 

 

where σcomp is the electric conductivity of the component. 

 

3.4 Condensation Model 

First, to avoid a complex multiphase model, a partial pressure of water is hypothetically calcu-

lated by the transport equations implemented in the one-fluid model. Indeed, the simulated wa-

ter is considered as an incondensable perfect gas, which means both liquid and vapor phases 

are assimilated to water vapor, then considering a single-phase flow. With this assumption, the 

hypothetical water pressure can be higher than the saturation pressure. In this case, PH2O >

Psat(T), it is assumed that water is produced in liquid phase. Accordingly, in order to evaluate 

the quantity of liquid water, the saturation is post-treated from the different pressures calculated 

by the model according to the following expression:  
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{

s = 0                                   if PH2O ≤ Psat(T) 

s =
PH2O − Psat(T)

P − Psat(T)
          if PH2O > Psat(T)

 (III-30) 

 

 

where P is the total pressure of the gas mixture, i.e. the sum of the partial pressures namely 

dihydrogen and water vapor at the anode and dioxygen, dinitrogen and water vapor at the cath-

ode. The demonstration of Eq. (III-30) can be found in Appendix D. Therefore, the thickness 

of liquid water in a component is post-processed in the numerical results by multiplying the 

porosity εcomp, thickness ecomp and saturation scomp of that component. The liquid thicknesses 

in each component are summed to calculate the thickness of liquid water el,cell in one cell: 

 

el,cell = ∑ εcomp ecomp scomp (III-31) 

 

where the comp subscript refers to any component of the cell. The amount of liquid water is 

assumed negligible in the membrane. As a reminder, the porosity is equal to one in the gas 

channels. Finally, the total liquid water thickness in the stack is obtained by multiplying the 

thickness of liquid water in one cell with the number of cells. Each cell is then considered 

identical, which means that the endplates behavior is neglected. 

 

4. One-Fluid and Phase-Separated Models Analysis 

In this section, the one-fluid model is compared to a classical phase-separated model [139] in 

order to examine in which configuration the results obtained by both models would be identical. 

The saturations and pressure drops obtained by the two models are compared. A detailed sen-

sitivity study to some key criteria for the two-phase flow modeling is presented in Section 4.2. 

 

4.1 Models Comparison  

The empirical model proposed by Lockhart-Martinelli (L-M) [139] represents both the liquid 

phase with a velocity noted Vl,1 and gas phase with a velocity Vg,1. The saturation s1 calculated 

by this model is none other than the volume fraction of the liquid phase presented in Chapter 

III. As discussed previously, the one-fluid model considers a single gas mixture moving at the 

velocity Vg,2. The velocity of the condensed water vapor Vvapc,2 is then equal to the mixture 
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velocity since the flow is considered homogeneous (Vg,2 = Vvapc,2). The saturation described 

by Eq. (III-30) is denoted s2 for the one-fluid model. Now consider a flow of moist air in a 

single channel without phase change and identical gas flow rates for both models. The volume 

velocities are written as follows: 

 

Vg,1 =
ṁg

ρg Ac (1 − s1)
 (III-32) 

 

Vg,2 =
ṁg

ρg Ac (1 − s2)
 (III-33) 

 

Vl,1 =
ṁl

ρl Ac s1
 (III-34) 

 

Vvapc,2 =
ṁvapc

ρvapc
 Ac s2

 (III-35) 

 

 

where g, l and vapc, subscripts denote the gas, liquid and condensed vapor, respectively while 

1 and 2 subscripts refer to L-M and one-fluid models. ṁ is the mass flow rate, Ac, the channel 

section and s, the saturation. Eventually, the liquid and condensed vapor flow rates are assumed 

to be identical. 

 

 Equal Saturations between the Two Models 

Considering same saturation for both models (s1 = s2 = s), the gas velocities are equal (Vg,1 =

Vg,2 = Vg). Therefore, the ratio S of the gas velocity to the liquid velocity can be deduced ac-

cording to the previous descriptions: 

 

S =
Vg

Vl,1
=

Vvapc,2

Vl,1
=

ρl

ρvapc

 (III-36) 

 

 

According to Eq. (III-36), the one-fluid model shows good agreement with the phase-separated 

model for a velocity ratio, also called slip ratio, equal to the liquid/gas density ratio (ρl/ρvapc
). 
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For example, the density ratio is 1055 under operating conditions of 1.5 bars and 80 °C. There-

fore, the flow of the liquid phase can be considered stagnant or quasi stagnant because about 

1000 times (ρl/ρvapc
) less rapid than the gas flow. In addition, such a slip ratio value is higher 

than more classical correlation, which can be found in the literature. For example, Chisholm 

[145] obtains a velocity ratio of 27.7 under the same operating conditions (1.5 bars and 80 °C) 

by introducing the following formulation: 

 

SChi = √1 − x (1 −
ρl

ρg
) (III-37) 

 

 

where x is the gas quality described by: 

 

x =
ṁg

ṁg + ṁl
 (III-38) 

 

 

The flow in PEM fuel cells is conducted in gas channels with small section and specific geom-

etry (the channels can be wavy, with possible bends, etc.) while the Chisholm model is based 

on a simple annular flow in a larger hydraulic diameter channel. Moreover, mass transfers occur 

at the interface of GC and GDL due to water transport mechanisms. All these reasons may 

explain higher velocity ratio in PEM fuel cells compared to Chisholm description. 

 

 Equal Pressure Drops between the Two Models 

Another comparison is carried out considering identical pressure losses of the liquid phase for 

the L-M model and the condensed vapor for the one-fluid model.  

 

➢ Phase-Separated Pressure Drop Model 

The L-M model relates the pressure drop of the two-phase ∆P1 as a function of that of the gas 

phase ∆Pg introducing an empirical two-phase multiplier ϕg: 

 

 



ONE-FLUID MODEL 

 

90 

 

∆P1 = ϕg
2 ∆Pg (III-39) 

 

 

where ∆Pg is formulated when the gas phase flows alone in the channel by the expression: 

 

 

∆Pg = 32μg

ṁg

ρg Ac

l

dc
2
 (III-40) 

 

where l is the channel length and dc, the hydraulic diameter. The two-phase multiplier first 

introduced by L-M for a laminar flow is expressed by: 

 

ϕg
2 = 1 + CX + X2 (III-41) 

 

where C is a parameter depending on the flow regime and X, the Martinelli parameter. The 

square Martinelli parameter is the pressure drop ratio between the liquid and gas phase: 

 

X2 = (
dP

dz
)

l
/ (

dP

dz
)

g
 (III-42) 

 

The pressure drop can be replaced to obtain the following relation: 

 

X2 =
μl ṁl

ρl 
 

ρg

μg ṁg
=

μl

μg
 
Vl

Vg
 

s1

1 − s1
 (III-43) 

 

Finally, the saturation of the phase-separated model is deduced according to the Martinelli pa-

rameter: 

 

s1 = (1 +
μg

μl
 
Vg

Vl
 

1

X2
)

−1

 (III-44) 

 

 

➢ One-Fluid Pressure Drop Model 

The pressure drop for the one-fluid model ∆P2 is expressed as follows: 
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∆P2 = 32μ2

ṁg + ṁl

ρ2 Ac
 

l

dc
2
 (III-45) 

 

where μ2 is the moist air dynamic viscosity proposed by Wilke [146] in the numerical model. 

μ2 is both dependent on the saturation and the viscosities of the gas and liquid phases. Other 

formulations can be found in the literature [147]-[149]. ρ2 is the moist air density defined as an 

homogeneous property: 

ρ2 = ρvapc
 s2 + ρg (1 − s2) (III-46) 

 

 

➢ Relation between Saturation Models 

As mentioned, we consider equivalent pressure drops between the models ∆P1 = ∆P2 in order 

to obtain a relation between the saturations: 

 

s1 = (1 + 4 S 
μl

μg
[−C + √C2 − 4 (1 −

μl

μg
 

1

1 − s2
)]

−2

)

−1

 (III-47) 

 

 

This equation is developed in Appendix F. 

 

 

4.2 Sensitivity Analysis 

In this section, the C parameter and velocity ratio S are both studied to investigate their impact 

on the saturations relationship described by Eq. (III-47). Accordingly, we can find the best fit 

of these parameters to match the one-fluid model to the phase-separated model. 

 

 Sensitivity Analysis to C Parameter 

The hydraulic diameter of a channel does not exceed 1 mm for most bipolar plates in PEM fuel 

cells. Even for high current density and stoichiometry, the Reynolds number is low (< 2000) to 

always consider both gas and liquid flows as laminar (or stagnant). Many formulations (de-

pendent on the flow regime) of the C coefficient have been studied in the literature. For laminar 

flows for both phases, L-M recommend C = 5 while Chisholm [145] proposes C = 2.5. Mishima 
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and Hibiki [150], Zhang et al. [151], Li and Wu [152] suggest an equation for the C parameter 

dependent on dimensionless numbers. Muzychka and Awad [153] reference other formulations. 

Kim and Mudawar [154] reviewed a lot of this parameter for channels with different sizes and 

a large panel of fluids.  Fig. III-2 presents the evolution of s1 as a function of s2 with different 

values of C when S is fixed to 1055, i.e. the value of the density ratio (ρl/ρvapc
) under operating 

conditions of 1.5 bars and 80 °C. The formulations of the C parameter selected for this analysis 

are the closest to the conditions in a PEM fuel cell (micro-channels and air/water flow). 

 

 

Fig. III-2. Relation between the saturations s1 and s2 with different formulation of C parame-

ter and S equal to 1055 – the dashed curve represents the exact equality of the saturations of 

the two models. 

 

The value of 5 for the C parameter (blue curve in Fig. III-2) proposed by L-M gives the best 

agreement between the two models over the entire liquid saturation range (from 0 to 1). How-

ever, as pointed out by Kim and Mudawar [154], this value is too high to correctly represent 

the two-phase flow for low saturation corresponding to usual saturation in PEM fuel cell oper-

ation, which is generally less than 0.2. Good results can be observed for the other correlations 

at low saturation, particularly for the formulation of Kim and Mudawar [154] when s < 0.05 

(Fig. III-2). Finally, this parameter has a significant impact on the two-phase formulation. 
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 Sensitivity Analysis to the Velocity Ratio 

In this section, the saturations are plotted for different velocity ratios by first considering the 

Kim and Mudawar [154] correlation Fig. III-3a and then fixing the C parameter to a value of 2 

(Fig. III-3b). The lower the velocity ratio, the more the one-fluid model overestimates the 

amount of liquid water compared to the phase-separated model. For example, for a small ve-

locity ratio S = 10 (dark green curve in Fig. III-3), the saturation obtained with the one-fluid 

model is more than 3 times higher than that of the phase-separated model, regardless of the 

correlation, for lower saturations to 0.2. For the ratio equal to 1000 (red curve in Fig. III-3), 

corresponding approximately to the ratio of the density of liquid water to that of vapor as men-

tioned previously, a good agreement between models is observed at low saturation. Finally, the 

closest correspondence is obtained for the Kim and Mudawar [154] correlation and ratio S =

100 (orange curve in Fig. III-3a) if the entire range of liquid saturation is considered (from 0 to 

1). 
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Fig. III-3. Relation between the saturations s1 and s2 with different value of the velocities 

ratio for (a) C parameter proposed by Kim and Mudawar [154] and (b) C = 2  – the dashed 

curve represents the exact equality of the saturations of the two models. 

 

Ultimately, the phase-separated model was considered as reference to compare it to one-fluid 

model although it should first be validated by comparison with experimental tests in PEMFC 

operating conditions. Therefore, the previous analyzes validate the 1-F model with its particular 

two-phase approach  for small saturations when the velocity ratio is equal to the density ratio. 

However, the validity domain of the model cannot be clearly defined, specifically when higher 

saturations are considered.  
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5. Stack Design 

The design and composition of the stack (Fig. III-4) have been extensively described in [37]. 

Briefly, a dedicated stack composed of 5 cells with an active surface of 220 cm2 has been build. 

It is made of stamped stainless steel bipolar blates with parallel serpentine channels (Fig. III-4) 

and low neutron absorption gilded aluminum end-plates. It comprises home-made MEA com-

posed of 25 μm thick reinforced perflurosulfonic acid membrane, commercial Pt based catalyst 

layer with anode and cathode loading of 0.1 and 0.4 mg/cm2 respectively, Sigracet® 24BC from 

SGL Group™ as gas diffusion layer and a 45 μm thick micro-porous layer on both sides. Heavy 

water is used as coolant because of its low neutron absorption. The geometrical parameters are 

listed in Table III-4. This design has been extensively studied during the past decade. It used 

here in order to compare the results of the model with previous simulations and experiments. 

The process of the neutron imaging in order to measure the water content in PEMFCs is detailed 

in Appendix E. 

 

 

Fig. III-4. (a) The reference geometry of the pseudo-3D model consists of 9 solid domains: 

one membrane, two catalyst layers (aCL and cCL), two micro-porous layers (aMPL and 

cMPL), two gas diffusion layers (aGDL and cGDL), two half-bipolar plates (aBP and cBP) – 

(b) Presentation of the flow fields: hydrogen, cooling water and air [37]. 
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   Table III-4   

   Geometrical parameters     

   Component thickness 
  

Value 

[μm] 

   Bipolar Plate  200 

   Gas Channel depth Anode 400 
 Cathode 400 

   Gas Diffusion Layer Anode 250 
 Cathode 250 

   Micro-Porous Layer Anode 40 

 Cathode 40 

   Catalyst Layer Anode 5 
 Cathode 10 

   Membrane   25 

 

 

6. Numerical Procedure 

The governing equations are discretized by the finite element method. The model is solved by 

a commercial solver: COMSOL Multiphysics 5.4. The mesh is about 1.105 elements (Fig. III-

5). The calculation time is about 1h 20 min on an Intel Core i7-7820HQ 2.90 GHz – RAM 32 

GB to obtain a relative error of 10-4. Direct solvers are used with a MUMPS (MUltifrontal 

Massively Parallel Sparse direct Solver) for all physics except for fluid dynamics in the cooling 

circuit where the PARDISO (PARallel sparse DIrect SOlver) solver is recommended. All cal-

culations are stationary with five successive steps using results from the previous step. The first 

step is to calculate the conservation equations of mass and species as well as Darcy's law in 

GCs and GDEs without calculating the current. The second step is similar to the first but in-

cluding the calculation of the current by coupling the conservation equations to the electro-

chemical model. Fluid dynamics (conservation equations for mass and momentum) in the cool-

ing circuit are solved in the third step. The heat equations in all the layers are next calculated in 

the 4th step. Finally, the equations of the second step are solved again to get the results that are 

compared to experimental tests. 
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Fig. III-5. Mesh model based on free triangle elements (⁓ 1.105). 

 

 

7. Results and Discussion 

The numerical thermal and electrochemical results of the 1-F model were validated in a previ-

ous work by comparison with local temperature and current densities measurements [138]. The 

heterogeneous distributions are well captured in a large range of operating conditions [144]. In 

this section, the simulated results are compared to liquid water measurements in order to inves-

tigate the accuracy and quantitative predictability of the two-phase flow formulation of the 1-F 

model. Two different operating conditions were compared: at low power, called humid condi-

tions and at high power, called dry conditions. Some correlations of key parameters in the 

mechanisms of water transport through the membrane are first analyzed. 

 

7.1 Sensitivity Analysis to Water Transport Coefficients 

As discussed in Chapter I, the modeling of water transport through the membrane is strongly 

impacted by the electro-osmotic drag and molecular diffusion coefficients. The impact of these 

coefficients on the distribution and quantity of liquid water is examined by implementing dif-

ferent formulations of these coefficients in the model. 
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 Sensitivity Analysis to EO Drag Coefficients 

The total liquid water thickness (averaged) for a stack of five cells is plotted (Fig. III-6) along 

the indicated reference cut line at 50% of the cell (Fig. E-1 in Appendix E) in low power oper-

ating conditions (Table III-5) for different EO drag coefficients aEO (Table I-1) when the mem-

brane diffusion coefficient DM (Table I-2) proposed by Motupally [50] is used. The general 

pattern of the total liquid water thickness is not impacted by any of the EO drag correlations 

(Fig. III-6). However, the amplitude of the total thickness can significantly vary. Indeed, there 

is a thickness difference of up to 0.14 mm maximum between the EO drag correlations proposed 

by Zawodzinski [44] (blue curve in Fig. III-6) and Meier [43] (yellow curve), which corre-

sponds to 19% of the maximum liquid water thickness. The Zawodzinski [44] correlation is 

retained for the rest of this work, which is closest to the thickness of liquid water measured 

during the tests (black curve). In addition, this correlation is simple to implement in the code 

for λM < 14. The oscillations in Fig. III-6 represent the alternation of channels and ribs along 

the cut line. The thickness of liquid water has been averaged in Fig. III-6  (by 3.6 mm step) due 

to the large number of channels and ribs, which would make the graph illegible considering all 

the channel/rib heterogeneities. 

 

 

Fig. III-6. Water thickness for the 5 cells of the stack simulated at the indicated 50% cut line 

in the operating conditions presented in Table III-5 according to different formulations of the 

electro-osmotic drag coefficient aEO. 
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 Sensitivity Analysis to Membrane Diffusion Coefficients 

Similar to the EO drag coefficient, the total liquid water thickness is plotted (Fig. III-7) for 

different membrane diffusion coefficients Dm (Table I-2) when the EO drag coefficient aEO 

(Table I-1) proposed by Zawodzinski [44] is used. None of the formulations affects the profile 

of the liquid water distribution conversely to its quantity. Indeed, the maximum difference of 

the total liquid water thickness reaches 0.17 mm, corresponding to 24% of the maximum thick-

ness between the Fuller [48] (green curve in Fig. III-7) and Motupally [50] (orange curve) for-

mulation. We will keep the Motupally [50] correlation for the rest of the study, which gets the 

numerical liquid water thickness closest to the measurements (black curve).  

 

Fig. III-7. Water thickness for the 5 cells of the stack simulated at the indicated 50% cut line 

in the operating conditions presented in Table III-5 according to different formulations of the 

membrane diffusion coefficient Dm. 
 

 

Despite a general trend, there may be large variations of the liquid water distribution according 

to different transport coefficients. The electro-osmostic drag and membrane diffusion coeffi-

cients turn out to be key elements in the complex modeling of the water transport through the 

membrane. A dedicated study should be conducted to analyze in detail these mechanisms in 

PEM fuel cells. 
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7.2  Low Power Operating Conditions 

The total thickness of liquid water obtained with the numerical model is compared to measure-

ments by neutron imaging for a stack of five cells in low power operating conditions first (Table 

III-5) at two different current densities. 

 

   Table III-5 
    

   Constant operating parameters.     

   Experimental parameters   Setpoint 

   Inlet pressure reactant gases /bar  1.5 

   Temperature /°C  65 

   Stoichiometry coefficient Hydrogen 1.5 
 Air 2 

   Relative humidity (%) Hydrogen 50 

  Air 50 

 

 

 Low Current Density 

The model is able to quantify the liquid water and precisely predict its location on the scale of 

the stack (Fig. III-8) at low current density (0.25 A/cm²). The numerical results (Fig. III-8b) are 

very close to those measured (Fig. III-8a) despite the two-phase approach used. In addition, the 

liquid water accumulates in colder areas in accordance with the numerical temperature maps 

shown in Fig. III-9. More information regarding heat management in fuel cells can be found in 

the works of Nandjou [37]. The average thickness of liquid water in the stack is 0.3 mm. Fur-

thermore, the liquid water is less present at both the hydrogen and air inlet (upper right and left 

areas respectively in Fig. III-8) due to a relative humidity of 50% for the inlet gases.  

 

However, liquid water is slightly underestimated by the model at the anode and cathode outlet 

(lower left and right zones respectively in Fig. III-8). Finally, the real design of the bipolar 

plates is well captured by the simulation by correctly representing the rib/channel patterns. 
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Fig. III-8. (a) measured and (b) simulated total water thickness for five cells in humid condi-

tions at a low current. 

 

 

 

 

Fig. III-9. Numerical temperature maps in the cathode compartment and membrane. 
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 High Current Density 

Fig. III-10 presents the distribution of liquid water measured and obtained numerically on the 

left and right mappings respectively in the figure for a higher current density (1 A/cm²). The 

other operating conditions are identical to the case of lower current density. The model satis-

factorily locates the liquid water without being able to quantify it. Indeed, the numerical results 

overestimate the quantity of water at the hydrogen outlet and underestimate it at the air outlet 

(lower left and right zones respectively in Fig. III-10). 

 

Fig. III-10. (a) measured and (b) simulated total water thickness for 5 cells for a high current 

density in humid conditions. 
 

 

 Liquid Water Thickness along the Reference Cut Line 

A cut is made at 50% of the cell width (Fig. E-1 in Appendix E), perpendicular to the cooling 

circuit in order to compare the measured and numerical liquid water thickness (Fig. III-11). The 

1D plot at the different reference cut lines allows to better illustrate the differences in water 

content distribution in order to identify the main sources of water content heterogeneities. The 

model is able to accurately predict water areas in comparison with neutron imaging. As a re-

minder, the oscillations over the line plots are related to the channel/rib heterogeneities. 
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Fig. III-11. Water thickness measured (black line) and simulated (red line) at the indicated 

50% cut line in the operating conditions presented in the Table III-5 for a current density of 

0.25 A cm-2. 
 

 

7.3 Analysis of Results at the Local Level  

In accordance with the good results obtained by the model for a low current density in humid 

conditions, the distribution of liquid water is studied in each layer (Fig. III-12). Its transport 

mechanisms are then analyzed (Fig. III-13). Finally, the liquid water is observed at the rib/chan-

nel scale taking into account the real flow-field designs.   

 

 Water Distribution over the Cell Surface in Each Layer 

The thickness of the liquid water and saturation are presented in the different layers (anode/cath-

ode GCs and GDEs) of a cell in Fig. III-12 for the same operating conditions as before. Both 

hydrogen and air inlet dry the anode and cathode GDEs because of the low Relative Humidity 

(RH) of the gas flows (50% for both side at the inlet). Liquid water increases from the air inlet 

to the outlet since the water production and oxygen reduction reactions occur at the cathode 

side. The water is also driven from the anode to the cathode by the electro-osmotic flux. In 

addition, lower water saturation is observed in some areas because of hot spot (Fig. III-9) in-

duced by water cooling as mentioned in Nandjou et al. [138][144].  
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The model provides valuable information both in terms of the location of the water and the 

layer to be observed. As a reminder, these data are difficult to obtain by experimental tests, in 

particular at the rib/channel scale. The measures also take a long time to set up and carry out. 

Numerical models therefore appear to be useful tools in understanding phenomena while saving 

time. Finally, a large number of operating conditions can be simply tested with the model. 

 

 

Fig. III-12. (a) Water thickness and (b) saturation distribution in the anode and cathode 

gas channels and gas diffusion electrode, in the operating conditions presented in Table III-5 

for a current density of 0.25 A cm-2. The white boxes represent the zooms for the rib/channel 

analysis. 

 

 Numerical Water Transport through the Membrane 

The numerical water fluxes through the membrane is presented in Fig. III-13, which are the 

result of the average between the electro-osmotic drag (Fig. III-13a) and molecular diffusion 

(Fig. III-13b). The total flux can be seen in Fig. III-13c. In this figure, the positive values rep-

resent the flux from the anode to the cathode while the negative values represent the opposite 

flux. Therefore, the electro-osmotic flux only drives the water from the anode to the cathode 

whereas the diffusive flux can proceed in both directions according to the concentration of water 

in the cell. Moreover, the anode GDE is dried close to the hydrogen inlet due to an important 
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diffusive flux (Fig. III-13b) because of a rather low relative humidity (50%) for the moist hy-

drogen at the inlet. This diffusion also induces a local drying of the cathode GDE in the same 

region. In our case, the diffusive flux exclusively drives the water from the cathode to the anode 

(only negative values in Fig. III-13b) to compensate for the electro-osmotic drag. From a gen-

eral point of view, the liquid water is more present in the cathode compartment where the water 

is produced (Fig. III-12). 

 

 

Fig. III-13. Water fluxes through the membrane: (a) Electro-osmotic flux - (b) Diffu-

sive flux - (c) Total water flux (Electro-osmotic flux + Diffusion). The black box 

represent the zoom for the rib/channel analysis. 

 

 

 Water Distribution at Rib/Channel Scale 

The saturation is plotted along the indicated reference cut line at 25% of the cell (Fig. E-1 in 

Appendix E), perpendicularly to the cooling water mainstream that corresponds to the air outlet 

(from x (active area length) = 12 to x = 16.3 cm) in Fig. III-14. It is observed at the rib/channel 

scale in the anode/cathode GCs and GDEs in order to study the water distribution and spatial 
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heterogeneities. The saturation is considered positive at the anode side (fatter red curves in Fig. 

III-14ab) and negative at the cathode side (fatter blue curves) represented by the scale on the 

left. The right scale represents the real flow-field design where the bipolar plate pattern is illus-

trated with channels in white and ribs in gray.  

In Fig. III-14a, the liquid water is concentered inside the gas channels at both the anode and 

cathode side, which is an expected result since we specifically plot the amount of water in the 

GC. Furthermore, there is no water or very little from x (active area length) = 15.3 to x = 16.3 

cm on the anode side corresponding to the end of the air outlet. In the GDE (Fig. III-14b) on 

both sides, the liquid water accumulates preferentially under the rib. The region underneath the 

rib in the GDLs is globally colder than the region under the channel as observed by Straubhaar 

et al. [155], which may explain a higher condensation in this area. Liquid water is still found in 

the cathode GDE close to the outlet (from x = 14.1 to the end in Fig. III-14b) where oscillations 

can be observed along/under a single rib in front of several anode ribs and channels. Therefore, 

the rib/channel pattern on the anode side directly affects the amount of liquid water on the 

cathode side.  

Fig. III-14c represents the total water flux, which is also impacted by the design of the cell. 

Indeed, the flux is strongly oscillating at the air outlet, where a succession of gas channels and 

rib on the anode side face a single rib on the cathode side. The flux is less important under the 

rib considering the anode pattern. Finally, the total flux is negative, i.e. that the liquid water 

moves from the cathode to the anode by diffusion due to a higher liquid water concentration on 

the cathode side. 
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Fig. III-14. Water thickness: (a) at the air outlet in GC – (b) at the air outlet in GDE – (c) To-

tal water flux for humid conditions at 0.25 A cm-2 at the indicated 25% cut line (Appendix E). 
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7.4 High Power Operating Conditions 

In this section, the distribution and quantity of liquid water is compared between experimental 

and numerical results for the same five cells stack for operating conditions at higher tempera-

ture, i.e. 80 °C while keeping the other conditions (pressure, stoichiometry and relative humid-

ity) than for the humid case (Table III-5) at a low current density (0.25 A/cm²). This study 

corresponds to more realistic temperature operation in a higher power automotive application 

(generally between 80 and 95 °C). Fig. III-15 represent the liquid water mappings for drier 

operating conditions mentioned for experimental (Fig. III-15a) and simulated (Fig. III-15b) re-

sults. At the whole cartography scale, it can be stated that the model can predict the liquid water 

distribution. Nevertheless, the water content obtained with the model is underestimated, espe-

cially at the air outlet. 

 

 

 

Fig. III-15. (a) measured and (b) simulated water thickness mappings in drier operating condi-

tions ‒ temperature of 80°C. 

 

 

Even drier conditions were tested, i.e. at higher temperature and current density and lower rel-

ative humidity for the inlet gases. The model is then no longer able to quantify or locate the 

liquid water in the stack. For these reasons, a two-phase model, called Euler–Euler, describing 

the equations for each phase (presented in Chapter II) was developed. The two-phase model is 

the subject of the next chapter. 
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Conclusion 

In this chapter, a pseudo-3D multiphysics model based on a previous work [138] was developed 

to predict the temperature and water distributions on a large area PEMFC. The model has been 

first validated for temperature and current density distributions [138]. In this study, a conden-

sation model was implemented in the commercial software COMSOL Multiphysics® to inves-

tigate the liquid water distribution. The numerical results were compared to experimental tests 

by neutron imaging in order to validate the two-phase flow model. Two current densities under 

humid operating conditions (low temperature) were simulated to analyze the liquid water het-

erogeneities. The model is less accurate for higher current density for which there is less liquid 

water. Nonetheless, the model is able to accurately locate and quantify the liquid water in the 

cell at lower current density. In addition, the distribution is highly dependent on the local tem-

perature, which is directly related to the design of the cooling circuit also confirmed in [138]. 

Once the model was validated for these conditions, the liquid water distribution over the cell 

surface was studied in each layer in order to understand the water transport mechanisms through 

the membrane. It appears that the liquid water further accumulates in the cold zones and near 

the air outlet. Moreover, a sensitivity analysis was performed on the electro-osmostic drag and 

membrane diffusion coefficients. Despite a similar general distribution, there may be large var-

iations of the liquid water quantity in the stack according to different transport coefficients. 

These coefficients appears to be key elements in the complex modeling of the water transport 

through the membrane. Furthermore, a study was conducted at the rib/channel scale at low 

density current. It shows that the liquid water takes place preferentially under the rib, which 

confirms the results of Straubhaar et al. [155]. The BPs design plays also an important role on 

the water distribution by impacting the water transport at a local scale. However, the one-fluid 

model largely underestimates the amount of liquid water for a high power (dry) operating con-

ditions. Therefore, a two-fluid flow model describing the conservation equations for both liquid 

and gas phases seems required to simulate higher power operating conditions in an automobile 

application. 
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Introduction 

The two-phase flow equations (Chapter II-4) are implemented in COMSOL Multiphysics® us-

ing the pseudo-3D formulation. A new flow-field design, described in this chapter, with higher 

performance than the F-geometry described in Chapter III-4, is simulated. Numerical two-fluid 

model simulation results are confronted to neutron imaging tests for two different automotive 

operating conditions and compared to the results obtained with the one-fluid model. In addition, 

the liquid water distribution and thickness are analyzed in each layer. Finally, some numerical 

difficulties encountered in the two-phase complex modeling are discussed. 

 

1. Pseudo-3D Formulation 

Similarly to the one-fluid equations, the conservation equations are integrated along the com-

ponent thickness to obtain the P3D formulation for a two-phase flow. The integration of the 

mass equation leads to: 

 

∫ (
∂

∂t
[ε αk 〈ρk〉k])

e

0

dz + ∫ (∇3D ∙ [ε αk 〈ρk〉k Vk
̿̿ ̿

k
]) dz

e

0

= ∫ Sk dz
e

0

+ ∫ Γk
Ik dz

e

0

 (IV-1) 

 

The differential operator ∇3D and the fluid-velocity vector Vk 
̿̿̿̿

k
 are decomposed into the three-

dimensional Cartesian coordinate system to obtain: 

 

∫ (
∂

∂t
[ε αk 〈ρk〉k]) dz

e

0

+ ∫ (
∂

∂x
[ε αk 〈ρk〉k uk̿̿ ̿

k
] +

∂

∂y
[ε αk 〈ρk〉k vk̿̿ ̿

k
]

e

0

+
∂

∂z
[ε αk 〈ρk〉k wk̿̿ ̿̿

k
]) dz = Sk e + Γk

Ik e 

(IV-2) 

 

where uk̿̿ ̿
k
, vk̿̿ ̿

k
 and wk̿̿ ̿̿

k
 are the Favre-average phase-phase velocity according to x, y, and z 

directions, respectively. The electrochemical Sk  and phase change Γk
Ik source terms are consid-

ered constant over the thickness. Furthermore, the integrals are swapped with the differential 

operators. Finally, each term is divided by the component thickness leading to: 
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∂

∂t
(

1

e
∫ [ε αk 〈ρk〉k] dz

e

0

) +
∂

∂x
(

1

e
∫ [ε αk 〈ρk〉k uk̿̿ ̿

k
] dz

e

0

)

+
∂

∂y
(

1

e
∫ [ε αk 〈ρk〉k vk̿̿ ̿

k
] dz

e

0

) +
1

e
[ε αk 〈ρk〉k wk̿̿ ̿̿

k
]

0

e
= Sk + Γk

Ik 

(IV-3) 

 

 

As a reminder, the porosity is assumed constant over the entire volume. Under this assumption, 

we have: 

 

1

e
∫ [ε αk 〈ρk〉k] dz

e

0

= ε 
1

e
∫ αk 〈ρk〉k dz

e

0

 (IV-4) 

 

1

e
∫ [ε αk 〈ρk〉k uk̿̿ ̿

k
] dz

e

0

= ε 
1

e
∫ αk 〈ρk〉k uk̿̿ ̿

k
dz

e

0

 (IV-5) 

 

1

e
∫ [ε αk 〈ρk〉k vk̿̿ ̿

k
] dz

e

0

= ε 
1

e
∫ αk 〈ρk〉k vk̿̿ ̿

k
 dz

e

0

 (IV-6) 

 

where the local thickness-average 
1

e
∫ ψ dz

e

0
 can be recognized. Considering a small thickness, 

the average of a product is equal to the product of the averages since the k-phase density and k-

phase velocities according to x and y directions are considered constant over the thickness. 

Finally, the pseudo-3D description for the mass equation is expressed by:  

 

 

∂

∂t
[ε αk 〈ρk〉k] + ∇2D ∙ [ε αk 〈ρk〉k Vk,e

̿̿ ̿̿ ̿
k

] +
Jconv

+

e
+

Jconv
−

e
= Sk + Γk

Ik (IV-7) 

 

 

Vk,e
̿̿ ̿̿ ̿

k
= uk̿̿ ̿

k
 ex + vk̿̿ ̿

k
 ey being the in-plane k-phase velocity. Jconv

+  and Jconv
−  are the convective 

mass-fluxes across the interfaces of the different components described by:  

 

Jconv
+

e
=

1

e
 ε αk 〈ρk〉k wk̿̿ ̿̿

k
|

e
 (IV-8) 

 

Jconv
−

e
= −

1

e
 ε αk 〈ρf〉f wk̿̿ ̿̿

k
|

0
 (IV-9) 
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The same development is applied to the species (IV-10) conservation equation:  

 

∂

∂t
[ε αk 〈ρjk〉k,e] + ∇2D ∙ [ε αk 〈ρjk〉k,e Vk,e

̿̿ ̿̿ ̿
k

] +
Jconv,j

+

e
+

Jconv,j
−

e

= ∇2D ∙ [Dmj
∇2D(ε αk 〈ρjk〉k,e)] +

Jdiff,j
+

e
+

Jdiff,j
−

e
+ Sjk + Γjk

Ik 

(IV-10) 

 

where the same assumptions are retained for these equations as for the mass balance. Other 

assumptions are needed in the pseudo-3D writing of species conservation equation. The varia-

tions of the mass diffusion coefficient Dmj
 is assumed negligible over the volume. Similar to 

the convective mass-fluxes across the interfaces of the different components, Jdiff,j
+ , Jdiff,j

−  repre-

sent the through-plane diffusive mass-fluxes of the j-specie. 

 

 

2. Two-Fluid Equations 

2.1 Model Presentation 

The equations implemented in the two-fluid model are listed in Table IV-1 by considering the 

gas channels as porous media to reduce the momentum equation to the extended two-phase 

Darcy's law. The energy equation in the gas channels is described by the homogeneous ap-

proach briefly presented in Chapter I. Indeed, a single temperature of the fluid mixture is cal-

culated by the model. This approach was chosen due to lack of experimental proof and to avoid 

a long computation time by solving an energy equation for each phase. Eventually, it is difficult 

to implement the complex two-phase energy theory for which it would be necessary to find 

coherent closure laws for the thermal non-equilibrium terms. The energy balance for each phase 

are summed to obtain one energy equation of the fluid mixture: 

 

∂

∂t
[(αl 〈ρl〉l,e cpl

+ αg 〈ρg〉g,e cpg
) Tf,e

̿̿ ̿̿
f
] + ∇2D

∙ [(αl 〈ρl〉l,e cpl
 Vl,e
̿̿ ̿̿

l
+ αg 〈ρg〉g,e cpg

 Vg,e
̿̿ ̿̿ ̿

g
) Tf,e

̿̿ ̿̿
f
]

= ∇ ∙ [kf
eff ∇2D (Tf,e

̿̿ ̿̿
f
)] +

Jdiff,T
+

eGC
+

Jdiff,T
−

eGC
 

(IV-11) 

 

where Tf,e
̿̿ ̿̿

f
 refers to the in-plane temperature of the fluid mixture and kf

eff, the effective thermal 

conductivity of the fluid mixture given: 
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kf
eff = αl kl

eff + αg kg
eff (IV-12) 

 

where kl
eff and kg

eff denote the effective liquid and gas thermal conductivity, respectively. Ther-

mal non-equilibrium between the fluid phases is therefore not represented in Eq. (IV-11). In-

deed, what one phase thermally gains is lost by the other, which means that the non-equilibrium 

between phases compensate each other when the thermal equations of the liquid and gas phase 

are added to form the homogeneous thermal equation. The electrochemical model implemented 

in the two-fluid model is similar to the one in the 1-F model.  

 

2.2 Source Terms 

The source terms of water production and reactants consumption by electrochemical reactions 

are the same as in the one-fluid model but applied to the gas phase only. Consequently, the 

water production is considered in vapor form: 

- at the cathode side 

Sk=g = SO2
+ SH2O (IV-13) 

 

- at the anode side 

Sk=g = SH2
 (IV-14) 

 

- on both sides 

Sk=l = 0 (IV-15) 

 

 

The heat source terms have already been described in Chapter III and reused here. It is now 

necessary to define closure laws concerning the mass transfer between the liquid and gas 

phases. Phase change in macro-average modeling, namely Scond for the condensation and Sevap 

for the evaporation, can be represented by assuming the mass transfer to be driven by the dif-

ference between the vapor partial and saturation pressures, as implemented in COMSOL Mul-

tiphysics [156]: 
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{
Scond = Hcond (PH2O − Psat(T))  

Sevap = Hevap(Psat(T) − PH2O)   
      

if PH2O > Psat(T)                      

if PH2O < Psat(T) and αl > 0
 (IV-16) 

 

 

where Hcond and Hevap are the evaporation and condensation rates, respectively, which both 

take the value of 1 s/m² corresponding to rather high rates. This value is arbitrarily selected to 

remain close to the equilibrium with a limited impact on the calculation time. Finally, the phase 

change is implemented such as one phase immediately wins the mass lost by the other one:  

 

 

{
Γl

Il = Scond − Sevap  

Γg
Ig

= Sevap − Scond   
 (IV-17) 
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    Table IV-1 

   Governing equations 

   Component 
Conservation  

equation 
  General form 

   GCs Mass   
∂

∂t
[αk 〈ρk〉k] + ∇2D ∙ [αk 〈ρk〉k Vk,e

̿̿ ̿̿ ̿
k

] +
Jconv

+

eGC
+

Jconv
−

eGC
= Sk + Γk

Ik (A) 

  Momentum    Vk,e
̿̿ ̿̿ ̿

k
= −

KGC Krk

αk μk
∇〈pk〉k (B) 

  Species    
∂

∂t
[αk 〈ρjk〉k,e] + ∇2D ∙ [αk 〈ρjk〉k,e Vk,e

̿̿ ̿̿ ̿
k

] +
Jconv,j

+

eGC
+

Jconv,j
−

eGC
= ∇2D ∙ [Dmj

∇2D(αk 〈ρjk〉k,e)] +
Jdiff,j

+

eGC
+

Jdiff,j
−

eGC
+ Sjk + Γjk

Ik  (C) 

 Energy  
∂

∂t
[(αl 〈ρl〉l,e cpl

+ αg 〈ρg〉g,e cpg
) Tf,e

̿̿ ̿̿
f
] + ∇2D ∙ [(αl 〈ρl〉l,e cpl

 Vl,e
̿̿ ̿̿

l
+ αg 〈ρg〉g,e cpg

 Vg,e
̿̿ ̿̿ ̿

g
) Tf,e

̿̿ ̿̿
f
] = ∇ ∙ [kf

eff ∇2D (Tf,e
̿̿ ̿̿

f
)] +

Jdiff,T
+

eGC
+

Jdiff,T
−

eGC
 

(D) 

   GDEs Mass   
∂

∂t
[εGDE αk 〈ρk〉k] + ∇2D ∙ [εGDE αk 〈ρk〉k Vk,e

̿̿ ̿̿ ̿
k

] +
Jconv

+

eGDE
+

Jconv
−

eGDE
= Sk + Γk

Ik (E) 

  Momentum   Vk,e
̿̿ ̿̿ ̿

k
= −

KGDE Krk

εGDE αk μk
∇〈pk〉k (F) 

  Species   
∂

∂t
[εGDE αk 〈ρjk〉k,e] + ∇2D ∙ [εGDE αk 〈ρjk〉k,e Vk,e

̿̿ ̿̿ ̿
k

] +
Jconv,j

+

eGDE
+

Jconv,j
−

eGDE
= ∇2D ∙ [Dmj

∇2D(εGDE αk 〈ρjk〉k,e)] +
Jdiff,j

+

eGDE
+

Jdiff,j
−

eGDE
+ Sjk + Γjk

Ik (G) 

 Energy GDLs 
∂

∂t
[(1 − εGDL) ρGDL cpGDL

 TGDL,e
̿̿ ̿̿ ̿̿ ̿̿

GDL
] − ∇ ∙ [kGDL ∇2D ((1 − εGDL) TGDL,e

̿̿ ̿̿ ̿̿ ̿̿
GDL

)] =
Jdiff,T

+

eGDL
+

Jdiff,T
−

eGDL
+ QT (H) 

  MPLs 
∂

∂t
[(1 − εMPL) ρMPL cpMPL

 TMPL,e
̿̿ ̿̿ ̿̿ ̿̿

MPL
] − ∇ ∙ [kMPL ∇2D ((1 − εMPL) TMPL,e

̿̿ ̿̿ ̿̿ ̿̿
MPL

)] =
Jdiff,T

+

eMPL
+

Jdiff,T
−

eMPL
+ QT (I) 

    CLs 
∂

∂t
[(1 − εCL) ρCL cpCL

 TCL,e
̿̿ ̿̿ ̿̿

CL
] − ∇ ∙ [kCL ∇2D ((1 − εCL) TCL,e

̿̿ ̿̿ ̿̿
CL

)] =
Jdiff,T

+

eCL
+

Jdiff,T
−

eCL
+ QT + ST (J)  

   CW channels Mass   ∇2D ∙ 〈Vcw〉f,e = 0 (K) 

  Momentum   ρcw

∂

∂t
〈Vcw〉f,e + ρcw(〈Vcw〉f,e ∙ ∇2D)〈Vcw〉f,e = −∇2D pcw + ∇2D ∙ [μcw(∇2D 〈Vcw〉f,e + ∇2D

T  〈Vcw〉f,e)] +
μcw

K
〈Vcw〉f,e +

1

K2
‖〈Vcw〉f,e‖〈Vcw〉f,e + ρcw g (L) 

  Energy    ρcw cpCW

∂〈TCW〉f,e

∂t
+ ∇2D ∙ [ρcw cpCW

 〈Vcw〉f,e 〈TCW〉f,e] = ∇ ∙ [kCW
eff  ∇2D 〈TCW〉f,e] +

Jdiff,T
+

eCW
+

Jdiff,T
−

eCW
 (M) 
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3. Stack Design 

In this chapter, a new flow-field design (Fig. IV-1), has been experimentally tested. Indeed, as 

seen previously, the liquid water distribution was mainly dependent on the temperature induced 

by the design of the cooling circuit inside the F-design bipolar plate. These strong heterogene-

ities were responsible for serious degradation and performance drops [71]. Conversely, the new 

flow-field design avoids hot spots in the active area with quite low temperature gradient along 

the cell length.  

 

As seen on Fig. IV-1a, the fluids flow in the same direction in numerous undulating parallel 

channels. Therefore, it can be considered that a few channels are representative of the entire 

active area. A reduced geometry composed of only a few channels is modeled and simulated 

(Fig. IV-1b). A simplified gas distributor for both hydrogen and air inlets has been designed in 

the two-fluid model to simplify the boundary conditions to be implemented, considering a coun-

ter-current flow. 

 

A dedicated stack composed of 3 cells has been built for neutron imaging measurement. Bipolar 

plates are made of stamped stainless steel with undulating parallel channels (Fig. IV-1) and low 

neutron absorption gilded aluminum end-plates. It comprises commercial Membrane Electrode 

Assembly composed of 15 μm thick reinforced perflurosulfonic acid membrane, Pt based Cat-

alyst Layer with total loading of 0.4 mg/cm2, Freudenberg Gas Diffusion Layer including Mi-

cro-Porous Layer with a compressed thickness of 150 µm on both sides. Heavy water is used 

as coolant because of its low neutron absorption. The geometrical parameters are listed in Table 

IV-2.  

Fig. IV-1. (a) Reference geometry of the 3 cells stack ‒ (b) Reduced geometry modeled ‒ (c) 

Flow-field design: hydrogen, cooling circuit and air. 
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    Table IV-2   

   Geometrical parameters     

   Component thickness 
  

Value 

[μm] 

   Bipolar Plate  200 

   Gas Channel depth Anode 200 
 Cathode 300 

   Gas Diffusion Layer (+ MPL) Anode 150 
 Cathode 150 

   Catalyst Layer Anode 6 
 Cathode 10 

   Membrane   15 

 

 

4. Numerical Procedure 

4.1 Preliminary Simulation with a 1D Model 

A one-dimensional model (Fig. IV-2) was first developed to simulate the two-phase flow in a 

gas channel at the cathode side considering an isothermal process. The general form of Partial 

Differential Equations (PDEs) were used from the basic functionalities of the COMSOL Mul-

tiphysics® software to implement the two-fluid dynamic equations. The 1D model is composed 

of three sections where the ORR takes place only in the central section (Fig. IV-2). Many nu-

merical problems were encountered during the modeling. First, the underlying finite element 

discretization method in COMSOL Multiphysics® is the Galerkin method, which becomes un-

stable for a Péclet number greater than one. The Péclet number, as a dimensionless number, 

represents the ratio between the convection and diffusion transport. From a classic convection-

diffusion transport equation:  

 

∂ψ

∂t
+ V ∙ ∇ψ = ∇ ∙ (D ∇ψ) + S (IV-18) 

 

 

where ψ is a transported scalar, V, the convective velocity vector, D, the diffusion coefficient 

and S, a source term, the Péclet number is noted [157]: 
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Pe =
‖V‖h

2D
 (IV-19) 

 

where h is the mesh element size. If the convective effects dominate over the diffusive effects 

represented by a large Péclet number, numerical instabilities occur in the form of significant 

oscillations (Fig. IV-3) [158]. When considering the mass balance for the liquid phase (see 

section II-4.5), it appears that the Galerkin criterion cannot be respected. It is then necessary to 

add an artificial diffusion in the equation to achieve convergence. Accordingly, there is ‒ in 

theory ‒ a mesh resolution to match the diffusion term in order to reach a stable discretization 

(Pe < 1). However, adding a non-physical diffusion necessarily alters the results especially if a 

high diffusion is implemented by “smoothing” the results. To keep consistent results, the diffu-

sion coefficient should be as low as possible, which requires a very dense mesh. For example, 

considering a liquid phase velocity of 1∙10-4 m/s [90] in the gas channels and a diffusion coef-

ficient of 5∙10-10 m²/s in order to get precise results, the size of a mesh element is 10 µm to have 

a Péclet number equal to one. Around 15∙106 elements would be needed to mesh the reduced 

geometry presented in Fig. IV-1b. As a result, it is ‒ in practice ‒ impossible to simulate a large 

area cell with a mesh element about the size of a pore. Consequently, a reasonable compromise 

between accurate results and processing time is a difficult task to achieve. 

 

 

 

Fig. IV-2. 1D model of a cathode gas channel. 
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Fig. IV-3. Numerical oscillations when plotting the saturation with the 1D model at a cathode 

gas channel. 

 

To go further, a sensitivity study to the diffusion coefficient while keeping the same number of 

mesh elements was carried out using the 1D model to analyze the impact on the convergence 

and the results accuracy. The element size is 4.2 µm and the maximum velocity of the liquid 

phase obtained with the model is 1.4∙10-4 m/s. The time step and saturation are plotted in Fig. 

IV-4 and Fig. IV-5, respectively, according to different Péclet numbers / diffusion coefficients 

(from 1∙10-8 to 5∙10-11 m²/s). As expected, the lower the Péclet number (the higher the diffusion 

coefficient), the faster the convergence (Fig. IV-4). Note that the model converges for Péclet 

numbers greater than one (Fig. IV-4). The model did not converge for a coefficient of 1∙10-11 

m²/s, i.e. a Péclet number close to 30. However, the higher the diffusion coefficient, the more 

the liquid water profile is smoothed (Fig. IV-5). The diffusion coefficient does not affect too 

much the 1D model results but strongly the pseudo-3D model ones, where the mesh size cannot 

be reduced sufficiently. 

 

A module dedicated to fuel cells has recently been added to the COMSOL Multiphysics® soft-

ware (Fuel Cell & Electrolyzer Module [159]). Some stabilizations can be integrated to improve 

the model convergence while maintaining consistent results. Fig. IV-6 shows the saturation (in 

blue) and the relative humidity (in green) of the air obtained with this new module used in the 

1D model without adding artificial diffusion “by hand”. The appearance of liquid water (s >

 0 in the blue curve) coincides absolutely with the water vapor saturated air (relative humidity 

equal to 100% in the green curve). 
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Fig. IV-4. Time step processing according to different Péclet numbers (diffusion coefficient 

from 1∙10-8 to 5∙10-11 m²/s) from the 1D model. 

 

 

Fig. IV-5. Saturation obtained with the 1D model according to different diffusion coefficients 

(from 1∙10-8 to 5∙10-11 m²/s). 
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Fig. IV-6. Relative humidity (in green) and saturation (in blue) with the 1D model using the 

Fuel Cell & Electrolyzer module [159] in COMSOL Multiphysics®. 

 

 

4.2 Meshing and Resolution with the Pseudo-3D Model 

Once the model feasibility validated with the 1D model, the governing equations are discretized 

for a representative geometry by the finite element method and solved by the 5.6 version of the 

COMSOL Multiphysics® software. The mesh is composed of 7817 elements (Fig. IV-7). The 

calculation time is about 7h30 on 2 x Intel® Xeon® CPU E5-2640 v4 at 2.40 GHz – use of 2 

sockets with 16 cores to obtain a relative error of 10-4 for a typical simulation of one operating 

condition. Direct solver is used with a MUMPS (MUltifrontal Massively Parallel Sparse direct 

Solver) for all physics. The simulation is divided in several steps, solving different physical 

problems, using a one-way coupling. The first step is to calculate the conservation equations of 

mass, species and momentum (reduced to the extended two-phase Darcy’s law) in the gas chan-

nels and GDEs coupled to the electrochemical model. Heat equations in all the layers as well 

as fluid dynamics (mass and semi-heuristic momentum equations as described in Chapter III) 

in the cooling circuit are solved during the second step. A third step could be computed to solve 

the first step equations again from the computed temperatures obtained by the second step.  
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5. Results and discussion 

5.1 Two-Fluid Model versus Experimental Tests 

The numerical results obtained with the two-fluid model are compared to liquid water meas-

urements by neutron imaging test (Fig. IV-8) for two different operating configurations (Table 

IV-3). The operating temperature is set at 80°C for both cases. Higher current density is con-

sidered compared to the low current density condition (0.25 A/cm² at 65°C) described in Chap-

ter III-7.2. As discussed before, these PEM conditions are representative of an automobile ap-

plication operating at high power and for which the one-fluid model calculated unsatisfactory 

liquid water distribution. The plotted curves in Fig. IV-8 consider at each point the average of 

the liquid water thicknesses over the total width of the stack. First, the averaged liquid water 

thickness in the entire stack is: 

• 76.2 μm (simulated) and 87.5 μm (measured) for Setpoint No. 1 (12.9% difference) 

• 68.7 μm (simulated) and 96.4 μm (measured) for Setpoint No. 2 (28.7% difference)  

 

Moreover, the model correctly captures the general trend of the liquid water distribution in the 

stack (Fig. IV-8) with a slight increase from the air inlet (H2 outlet) to the middle of the cell 

followed by a strong decrease until the air outlet (H2 inlet). The air outlet (H2 inlet) is almost 

dry. The calculated thickness is globally underestimated even if its order of magnitude remains 

satisfactory. The model convergence is difficult to achieve in that conditions because of liquid 

water accumulation in some areas where saturation is close to the unity. To mitigate these is-

sues, two numerical strategies were implemented. First, the materials are considered as hydro-

phobic and the Leverett J-function is modified by a correction factor while maintaining con-

sistent results in the lower saturation areas. In addition, the nk coefficient in the relative perme-

abilities takes a value of two, because the first simulations showed that it was sufficient to 

evacuate the liquid water in the cell. Most authors [52][90][136][160] recommend a value of 

three, four or five for this parameter to better fit to the experimental tests. Unfortunately, the 

Fig. IV-7. Mesh model based on free triangle elements (⁓ 8.103). 
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model does not converge with higher values of nk. This may explain the lower averaged values 

of the liquid water thickness obtained by the model (Fig. IV-8).  

 

   Table IV-3      

   Constant operating parameters.      

   Experimental parameters   Setpoint No. 1 Setpoint No. 2 

   Inlet pressure reactant gases /bar  2.5 2 

   Coolant outlet temperature /°C  80.4 79.9 

   Coolant inlet temperature /°C  75.6 77.6 

   Current density /A cm-2  1.1 0.7 

   Stoichiometry coefficient Hydrogen 2 1.5 

 Air 1.6 1.6 

   Relative humidity (%) Hydrogen 49.7 50.8 

  Air 59.5 60.7 

 

 

The two-fluid model is most suitable to simulate Setpoint No. 1 conditions along the entire 

length of the stack compared to Setpoint No. 2 conditions when confronting the numerical re-

sults (red curves in Fig. IV-8) to liquid water measures (black curves in Fig. IV-8). The simu-

lation of a greater number of different operating conditions would be interesting to go further 

in the analysis of the accuracy of the model. However, in the next sections, this model is used 

to investigate the liquid water distribution in the different layers of the PEMFC, which is not 

accessible from experimental data.  
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(a) 

 

(b) 

 

Fig. IV-8. Total averaged liquid water thickness [mm] for a stack of 3 cells for: (a) Setpoint 

No. 1 and (b) Setpoint No. 2 conditions (Table IV-3) from experimental (black curve) and nu-

merical (red curve) data. The cathode inlet and anode outlet correspond to x=0 and the anode 

inlet and cathode outlet to x=1547. 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
1

5
0

9
9

1
4

8

1
9

7

2
4

6

2
9

5

3
4

4

3
9

3

4
4

2

4
9

1

5
4

0

5
8

9

6
3

8

6
8

7

7
3

6

7
8

5

8
3

4

8
8

3

9
3

2

9
8

1

1
0

3
0

1
0

7
9

1
1

2
8

1
1

7
7

1
2

2
6

1
2

7
5

1
3

2
4

1
3

7
3

1
4

2
2

1
4

7
1

1
5

2
0

Li
q

u
id

 w
at

er
 t

h
ic

kn
es

s 
/m

m

Cell lenght /px

Setpoint No. 1

Neutron imaging measures

Two-fluid model results

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

1
4

8
9

5
1

4
2

1
8

9
2

3
6

2
8

3
3

3
0

3
7

7
4

2
4

4
7

1
5

1
8

5
6

5
6

1
2

6
5

9
7

0
6

7
5

3
8

0
0

8
4

7
8

9
4

9
4

1
9

8
8

1
0

3
5

1
0

8
2

1
1

2
9

1
1

7
6

1
2

2
3

1
2

7
0

1
3

1
7

1
3

6
4

1
4

1
1

1
4

5
8

1
5

0
5

Li
q

u
id

 w
at

er
 t

h
ic

kn
es

s 
/m

m

Cell lenght /px

Setpoint No. 2

Neutron imaging measures

Two-fluid model results

Air inlet Air outlet

Air inlet 

 

Air outlet 

 



TWO-FLUID MODEL 

 

126 

 

5.2 Two-Fluid Model versus One-Fluid Model 

 Total Liquid Water Comparison 

Fig. IV-9 shows the simulated total water thicknesses predicted by the 1-F (blue curves) and 2-

F (red curves) models for the two operation conditions presented in Table IV-3. For the entire 

stack, the averaged liquid water thicknesses are: 

• 76.2 μm (2-F model) and 149.3 μm (1-F model) for Setpoint No. 1 (95.6% difference) 

• 68.7 μm (2-F model) and 146.2 μm (1-F model) for Setpoint No. 2 (112.7% difference)  

 

The one-fluid model largely overestimates the liquid water for both conditions compared to the 

two-fluid model (about two times more) and experimental tests (from 50 to 70% for the Setpoint 

No. 1 and Setpoint No. 2, respectively). The liquid water is particularly overestimated by the 

one-fluid model at the air outlet (anode inlet) while the cathode inlet (anode outlet) is slightly 

underestimated (Fig. IV-9).  
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 (a) 

 

 

(b)  

 

Fig. IV-9. Total averaged liquid water thickness [mm] for a stack of 3 cells for: (a) Setpoint 

No. 1 and (b) Setpoint No. 2 conditions (Table IV-3) from experimental (black curve), one-

fluid model (blue curve) and two-fluid model (red curve) data. The cathode inlet and anode 

outlet correspond to x=0 and the anode inlet and cathode outlet to x=1547.  
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 Liquid Water Component Comparison 

Fig. IV-10 and Fig. IV-11 show the simulated water thickness in the different components of 

the PEMFC obtained with both models. Note that the color scale is different for each component 

to compare water thicknesses simulated by the two models. It is worth mentioning that the 

liquid water distribution is significantly different at the component scale as at the cell scale. 

From a general point of view, the simulated liquid water thickness is higher in the cathode 

compartment (cGC‒cGDE) with the one-fluid model than with the two-fluid model for both 

conditions (Fig. IV-10 and Fig. IV-11). Conversely, the liquid water thickness is lower in the 

anode compartment (aGC‒aGDE) with the one-fluid model than with the two-fluid model (Fig. 

IV-10 and Fig. IV-11).  

 

For the Setpoint No. 1 conditions, the thickness is about three times higher in the cathode GDE 

and two times lower in the anode GDE with the one fluid model. The same trend is observed 

for the anode and cathode gas channel. This can be related to the velocity ratio between gas and 

liquid phase. Indeed, on the one hand, the velocity ratios fixed with the one-fluid model, equal 

to the density ratio as discussed in Chapter III-4.1.1. On the other hand, it varies along the 

channel with the two-fluid model, where the velocity is calculated for each phase, depending 

on the liquid saturation (Chapter II-4.8). For example, Fig. IV-12 shows the value of the recip-

rocal velocity ratio in the cathode channels obtained with the two-fluid model for the Setpoint 

No. 1 conditions. The velocity ratio is lower than 1000 over the major part of the surface, and 

drops to 450 close to the air outlet, where the amount of liquid water is maximum. A higher 

ratio favors the evacuation of liquid water, which is consistent with the lower saturation ob-

tained at the cathode with the two-fluid model. Finally, it has to be noticed that its order of 

magnitude is similar for both models (fixed to ⁓ 1000 and from 450 to 2000 for the one-fluid 

and two-fluid models, respectively). 

 

To conclude, the two-fluid model is able to predict the liquid water distribution at the cell scale 

for a large surface area in high power automotive conditions compared to the one-fluid model.  
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Anode Gas Channels (aGC) Anode Gas Diffusion Electrode (aGDE) Cathode Gas Diffusion Electrode (cGDE) Cathode Gas Channels (cGC)      

    

(a) 

    

(b) 

Fig. IV-10. Liquid water thickness in different layers for Setpoint No. 1 conditions (Table IV-3) from the: (a) two-fluid and (b) one-fluid models. 

 
Anode Gas Channels (aGC) Anode Gas Diffusion Electrode (aGDE) Cathode Gas Diffusion Electrode (cGDE) Cathode Gas Channels (cGC)      

    

(a) 

    

(b) 

Fig. IV-11. Liquid water thickness in different layers for Setpoint No. 2 conditions (Table IV-3) from the: (a) two-fluid and (b) one-fluid models. 
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Fig. IV-12. Reciprocal of the gas and liquid velocity ratio obtained with the two-fluid model 

for the Setpoint No. 1 conditions (Table IV-3). 

 

5.3 Water Distribution over the Cell Surface in Each Layer 

According to the good agreement between the two-fluid model and the experimental tests, the 

water distribution over the cell surface in each layer is analyzed for different operating condi-

tions. Namely, Fig. IV-13 and Fig. IV-14 show the liquid water thickness (a) and the saturation 

(b). On the entire stack, liquid water accumulates at the anode outlet (cathode inlet) while the 

anode inlet (cathode outlet) is dried whatever the operating condition. The progressive increase 

of the water at the anode gas channel is due to the back diffusion of water from the cathode 

side. Furthermore, the hydrogen consumption by its oxidation (HOR) induce an increase of the 

water vapor fraction. When the vapor saturates, liquid water appears, which is hard to evacuate 

by the hydrogen flow, due to its low density. 

 

At the cathode side, the same trend is observed in the gas channel with a water accumulation 

from the inlet to the outlet. However, the liquid water distribution in each GDE is not always 

similar to the distribution of the corresponding channel. Indeed, the water distribution in both 

anode and cathode GDEs are very close together with a drier zone at the air outlet (hydrogen 

inlet). The distribution of liquid water in the cathode GDE is significantly different from the 

cathode channel with a humid zone at the air inlet. According to the current density distribution 

(Fig. IV-15), the water accumulation at the air inlet can be related to the high current density 

while the drier zone observed at the air outlet is due to the lower current density. 
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The local liquid water accumulations at the anode GDE on the edges (dark red zone in Fig. IV-

13) ), inducing higher local current density, and higher liquid water saturation in the external 

cathode channels, are again due to no proper water convection by hydrogen gas (no anode chan-

nel in front of these zones). The phenomenon is amplified close to the hydrogen outlet. Con-

versely, no liquid water accumulation is observed at the cathode GDE on the edges (blue zone 

in Fig. IV-15) due to the very low current densities in these later zones.  

 

For the Setpoint No. 2, the same trends are observed. Nonetheless, liquid water accumulation 

is lower at the anode GDE on the edges due to a lower water production (i.e. lower current 

density) in the zones that are not in front of anode channels. 

 

(a) 

 

(b) 

 

Fig. IV-13.  (a) Water thickness and (b) saturation distribution in the anode and cathode gas 

channels and gas diffusion electrode, in the Setpoint No. 1 operating conditions (Table IV-3). 
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(a) 

 

(b) 

 

Fig. IV-14. (a) Water thickness and (b) saturation distribution in the anode and cathode gas 

channels and gas diffusion electrode, in the Setpoint No. 2 operating conditions (Table IV-3). 
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(a) 

 

(b) 

 

Fig. IV-15. Current density distribution for: (a) Setpoint No. 1 and (b) Setpoint No. 2 condi-

tions (Table IV-3). 

 

Conclusion 

In this chapter, the macroscopic equations of a two-phase flow described in Chapter II have 

been implemented under their pseudo-3D formulation in the COMSOL Multiphysics® soft-

ware. This two-fluid model has been compared to liquid water measurements by neutron imag-

ing carried out on a new fuel cell geometry under high power operating conditions. The new 

design made up of undulating parallel gas channels lead to reduce the temperature heterogene-

ities in comparison with the F-geometry presented in Chapter III. Therefore, the two-fluid 

model was validated on a reduced geometry representative of the entire cell while saving com-

puting time. It is then compared to the one-fluid model on the same geometry. It appears that 

the numerical results of the one-fluid model greatly overestimate the quantity of liquid water 

and cannot correctly represent its distribution unlike the two-fluid model. In addition, the two-
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fluid model can clearly identify high water concentration areas in each layer. It appears that the 

liquid water is not well evacuated at the anode side due to a low density gas. Furthermore, the 

air outlet (hydrogen inlet) is dry in the GDEs as well as in the anode gas channels, which can 

be explained by the low humidification of the inlet hydrogen and the lower current density in 

this zone. Finally, the saturation-dependent velocity ratio calculated by the two-fluid model can 

better describe the complex two-phase flow. 
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General Conclusion 

This manuscript is dedicated to the investigation of liquid water heterogeneities in large area 

PEM fuel cells using a two-phase flow multiphysics model. Up to date, the water and temper-

ature management remains one of the major challenges in optimizing the performance and in-

creasing the durability of a PEM fuel cell for a large scale commercialization. A state of the art 

highlights that only few two-phase flow models have been proposed in order to simulate the 

liquid water distribution in the different layers and at the different length scales. 

 

In this work, the conservation equations were described for one-phase and two-phase flow from 

the local and instantaneous equations. The macroscopic equations are then obtained by the local 

volume-average method over the Representative Elementary Volume (REV) describing a po-

rous medium at the meso-scale. The averaged equations are complex with many interfacial 

terms representing notably the phase transfer. Namely, it is very difficult to find realistic closure 

laws to model phase change, which can cause numerical issues. 

 

Two PEM fuel cell models were developed for one-phase and two-phase flow by coupling an 

electrochemical model to the fluid thermodynamics. In this thesis, many efforts are dedicated 

to the modeling of a two-phase flow in a PEMFC. They were implemented in a simulation 

software, COMSOL Multiphysics®, using the Finite Element Method (FEM). First, a one-fluid 

model developed previously has been improved and used to analyze neutron imaging results at 

different scales, showing good results, but also some limitations for high power operating con-

ditions. Then, a two-fluid model has been developed, either for 1D or pseudo-3D geometries. 

It finally led to first simulation results representing liquid water accumulation in cells with a 

satisfying accuracy compared to neutron imaging data. However, the two-fluid model still needs 

further improvement to increase its robustness. Indeed, many numerical problems have been 

encountered, especially for critical conditions. When significant liquid water accumulations 

(saturation close to the unity) are simulated in the porous media (flooding or pre-flooding), the 

model is no longer valid.  

 

All the numerical results were compared to liquid water measurements by neutron imaging 

tests. The one-fluid model accurately locates and quantifies the liquid water in the F-geometry 

cell at low power operating in an automotive application while representing the real flow-field 

design. It appears that the distribution of water and temperature is highly heterogeneous due to 
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a non-optimal cooling circuit. Further, a sensitivity analysis showed significant variations of 

the liquid water quantity according to different electro-osmotic drag and diffusion coefficients 

without changing the general trend distribution.  

 

The two-fluid model was used to simulate higher power automotive application for which the 

one-fluid model was reaching some limits. This model was implemented on a new bipolar plate 

design considering undulating parallel channels. It is validated for two conditions in this work 

by correctly reflecting the distribution of the liquid water on a large area cell. Other operating 

conditions at low and high power have to be simulated in order to know the two-fluid model 

validity range and to better understand the physical phenomena. Moreover, a sensitivity analy-

sis of key parameters, such as the hydrophobicity of the porous materials and the relative per-

meability coefficient, should be done. Indeed, both parameters mentioned, which are still 

widely discussed in the literature, intervene in the (empirical) modeling of some transport mech-

anisms of the liquid water. They have a significant impact on the simulated distribution and 

quantity of the liquid water in PEM fuel cells. In addition, the fluid dynamics coupled to the 

electrochemical model could be solved again from a computed temperatures step to investigate 

the impact of the thermal transfer on water distribution. Furthermore, the Darcy-Forchheimer 

law or a complete momentum equation could be implemented instead of a Darcy law to take 

into account not only the viscous stress but also the convective transport in the gas channels. 

Eventually, it can be interesting to couple this two-fluid model at the cell scale with a finer 

model (e.g. Pore Network Model, Lattice-Boltzmann Model) describing more precisely the liq-

uid water flow in the porous media.  

 

Finally, this two-fluid model is able to forecast, in each component, dried and flooded zones in 

a large surface area PEMFC. Accordingly, it can be used to better observe and understand op-

erating heterogeneities and their impact on both cell performance and durability especially for 

cell flooding circumstances. Thereby, innovative bipolar plates design can be modeled and sim-

ulated to better manage the water. Moreover, industrial manufacturers have a growing interest 

in increasing the fuel cell temperature in order to reduce the external heat exchanger for an 

automotive application. Such systems requirement (e.g. > 95°C) can be simulated with the two-

fluid model. 
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Appendix 

 

Appendix A: Local Volume-Averaged Mass Equation  

The local continuity equation for mass in PEMFC considering a single-fluid flow is: 

 

 

When volume averaged, Eq. A-1 becomes: 

 

 

The matrix volume is considered rigid, i.e. independent of time. The unsteady term in Eq. A-2 

becomes: 

 

By using the theorem of the volume-average of a divergence in Eq. A-2: 

 

 

However, the fluid velocity is assumed to be zero at the solid-fluid interface (Vf = 0 at Asf). 

The solid-fluid interface term is therefore zero: 

 

 

Eq. A-4 becomes: 
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Finally, by including the intrinsic averages in Eq. A-6: 

 

 

 

Appendix B: Local Volume-Averaged Species Mass Conservation Equation  

The local species mass conservation equation in PEMFC considering a single-fluid flow is: 

 

∂ρjf

∂t
+ ∇ ∙ [ρjf Vf] = ∇ ∙ [Dmj

∇ρjf] + rjf     j = 1, Nf (B-1) 

 

By applying the local volume-average in Eq. B-1, we have: 
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The matrix volume is considered rigid, i.e. independent of time. The unsteady term in Eq. B-2 

becomes: 
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By using the theorem of the volume-average of a divergence in Eq. B-3, we obtain: 
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However, the fluid velocity is assumed to be zero at the solid-fluid interface (Vf = 0 at Asf). 

The solid-fluid interface term in Eq. B-4 is therefore zero: 
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1

V
∫ ρif Vf ∙ nf da

Asf

= 0  (B-6) 

 

By using the theorem of the volume-average of a gradient in Eq. B-5, we have: 
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 (B-7) 

Which leads to: 

 

∇ ∙ [Dmj
〈∇ρjf〉] = ∇ ∙ [Dmj

∇〈ρjf〉] + ∇ ∙ [
Dmj

V
∫ ρif nf da

Asf

] (B-8) 

 

According to Kaviany [51] (p380), the following term is zero: 
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] = 0  (B-9) 

 

The last term in Eq. B-5 represents the sorption phenomenon, i.e. the adsorption and desorption 

at the solid-fluid interface: 
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Finally, Eq. B-2 becomes: 
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Which can be written according to the intrinsic and Favre averaging: 
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where Sjf is the volume-averaged source term of the j-specie by electrochemical reaction: 

 

Sjf = ε 〈rjf〉f  (B-13) 

 

 

 

Appendix C: Local Volume-Averaged Species Mass Conservation Equation 

The local momentum conservation is expressed by considering the following equation: 
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By applying the local volume-average in Eq. C-1 and considering the matrix volume as rigid 

(see A-3), we have: 
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where the last term corresponds to an average term due to the pressure and viscous forces at the 

solid-fluid interface:  
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Appendix D: Saturation Development 

The molar concentration (defined on the fluid volume) for the gas, vapor and liquid can be 

expressed as following: 

 

 

 

 

where c is the molar concentration (mol m-3), n, the number of mole (mol), V, the volume (m3) 

and P, the pressure (Pa). The subscripts g, vap, l, H2O, f, denote the gas, vapor and liquid phase, 

water and fluid, respectively. Saturation is defined as the volume fraction of the liquid phase: 
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where Vl
M is the molar volume of liquid water (m3 mol-1) defined by: 

 

 

where MH2O is the molar mass of water and ρl, the density of the liquid water. Vl
M is assumed 

constant due to the incompressibility of liquid water. Finally, by considering the liquid and 

vapor phase as vapor, the ideal gas law is used to obtain the following expression:  

 

 

• If PH2O ≤ Pvap  

 

Which leads directly to: 
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Appendix E: Water Content Measurement by Neutron Imaging 

Neutron imaging was performed at the National Institute of Standards and Technology 

(NIST) Center for Neutron Research (NCNR), located in Gaithersburg, Maryland, and using 

the BT-2 beamline. The experimental setup is detailed in [144]. An amorphous silicon de-

tector with 0.127 mm pixel pitch was used to record images with a field of view of 20 cm 

x 25 cm. Images were recorded continuously with an acquisition time of 1 Hz. Neutron 

images presented in this work were averages of 10 consecutive images recorded at 1 

frame per second (fps) to reduce random shot noise [144], which is an effective neutron 

image rate of 0.1 fps. A dedicated post-treatment analysis was developed to quantify the 

amount of water from the images. Briefly, the image of the cell in operation (intensity i) is 

referenced to the dry cell image (intensity i0) to attain a processed image of the water. For 

thin sections of water, the water thickness t can be approximately obtained from the Lam-

bert-Beer Law: 

 

 

where μw [μm] is the water attenuation coefficient measured in the calibration experiment. 

More comprehensive details can be found in Refs. [161]-[163]. This routine makes it possible 

to determine water maps of the stack as illustrated and to draw water thickness profiles accord-

ing to different sections of the cell (Fig. E-1). Recall that the stack is composed of 5 cells which 

they are supposed to work identically, i.e. with the same water distribution, given the fact that 

the difference between the cell voltages remain negligible. To obtain the liquid water thickness 

in a single cell, we divide the value obtained on the stack by 5. Cut lines at 25% and 50% are 

presented in Fig. E-1. They specifically represent the outlets (25% cut line) of the reac-

tants/product and the middle of the cell (50% cut line). Note that negative values appear on the 

scale of the figures because of the presence of gas bubbles in the cooling circuits during the 

tests. It is clear that the saturation is never negative and null when the mixture is only in the gas 

phase. 
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Fig. E-1. Cartography of the water thickness after post-treatment analysis. The white 

box represents the active area (220 cm2) and the black dashed lines represent the reference 

cut lines used in the Chapter III-7 results. 

 

 

Appendix F: Relationship between the Saturations s1 and s2 for Equal Pressure Drop 

As a reminder, the pressure drop for the L-M (∆P1) and one-fluid (∆P2) models are respec-

tively:  

 

 

 

 

The pressure drop of both models are considered equal, i.e. ΔP1 = ΔP2 and lead to: 
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ρ2 Ac
 

l

dc
2
 (F-3) 



 

155 

 

 

By replacing the moist air density (ρ2 = ρvapc
 s2 + ρg (1 − s2)) in Eq. F-3, the two-phase 

multiplier becomes: 

 

 

The Martinelli’s parameter can then be expressed as a function of the pseudo-3D saturation s2: 

 

 

To obtain: 

 

Finally, the saturation s1 described by the Lockhart-Martinelli model can be formulated accord-

ing to the pseudo-3D saturation s2: 
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Appendix G: nk Coefficient Sensitivity Study (from 2 to 5) 

Fig. G-1 shows significant impact of the nk coefficient (in the relative permeabilities) on (a) 

the saturation and (b) the liquid phase velocity obtained with the 1D two-fluid model.  

 

(a) 

 

 

(b) 

 

Fig. G-1. 𝑛𝑘 coefficient sensitivity study (from 2 to 5). 
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Appendix H: Physical and Geometric Parameters 

The physical parameters used in the one-fluid model are presented in the next table. 

 

   Physical parameters   

   Quantity  Value 

   Bipolar plate thermal conductivity  16.2 W/(m.K) 

   Gas channels thermal conductivity 
   Anode 0.0745 W/(m.K) 

   Cathode 0.0282 W/(m.K) 

   Gas diffusion layer thermal conductivity 

   Anode crushed 3.6993 W/(m.K) 

   Anode uncrushed 5.4062 W/(m.K) 

   Cathode crushed 3.6993 W/(m.K) 

   Cathode uncrushed 5.4062 W/(m.K) 

   Micro-porous layer thermal conductivity  0.4 W/(m.K) 

   Catalyst layer thermal conductivity  0.15 W/(m.K) 

   Membrane thermal conductivity  0.186 W/(m.K) 

   Bipolar plate electric conductivity  100000 S/m 

   Gas diffusion layer electric conductivity 

   Anode crushed 184 S/m 

   Anode uncrushed 64 S/m 

   Cathode crushed 184 S/m 

   Cathode uncrushed 64 S/m 

   Micro-porous layer electric conductivity  50 S/m 

   Catalyst layer electric conductivity  100 S/m 

   Membrane electric conductivity  9.825 S/m 

   Gas diffusion layer tortuosity  1.23 

   Micro-porous layer tortuosity  1.6903 

   Catalyst layer tortuosity  1.3 
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The geometric parameters used in the one-fluid model are presented in the next table. 

 

   Geometrical parameters     

   Quantity   Value 

   Bipolar plate thickness 
 

200 μm 

   Gas channel depth 
   Anode 400 μm 

   Cathode 400 μm 

   Gas diffusion layer thickness 

   Anode crushed 170 μm 

   Anode uncrushed 200 μm 

   Cathode crushed 170 μm 

   Cathode uncrushed 200 μm 

   Micro-porous layer thickness 
   Anode 40 μm 

   Cathode 40 μm 

   Catalyst layer thickness 
   Anode 5 μm 

   Cathode 10 μm 

   Membrane thickness  25 μm 

   Gas diffusion layer porosity  76% 

   Micro-porous layer porosity  35% 

   Catalyst layer porosity  47% 

   Gas diffusion layer  permeability  1e-8  m² 

   Micro-porous layer permeability  2e-13  m² 

   Catalyst layer permeability   1e-12  m² 
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Appendix I: Through-Plane Diffusive and Convective Mass-Fluxes 

The through-plane diffusive and convective mass-fluxes for the different conservation equa-

tions due to the pseudo-3D formulation are presented in the next table. 
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Résumé 

La pile à combustible à membrane échangeuse de protons (ou PEMFC selon l'acronyme an-

glais) est une candidate prometteuse pour de nombreuses applications notamment dans la dé-

carbonation du domaine du transport. Parmi les obstacles, le coût et la durabilité représentent 

les deux défis principaux à relever pour le développement de systèmes pile à combustible 

propres, fiables et rentables. La gestion efficace de l'eau et de la chaleur produites dans les piles 

est indispensable pour atténuer les noyages et/ou assèchements de la membrane sur toute la 

plage de température de fonctionnement. Dans cette étude, deux modèles numériques ont été 

développés pour étudier la distribution de l'eau liquide dans les piles à combustible. Ces mo-

dèles ont été préalablement validés par comparaison à des mesures expérimentales. Ils permet-

tent d'obtenir des informations précieuses sur la quantité d'eau dans les différents composants 

d'une pile à combustible. 

 

 

 

Abstract 

The Proton Exchange Membrane Fuel Cell (PEMFC) is a promising candidate for many appli-

cations particularly in the decarbonation of the transport sector. Among the barriers, cost and 

sustainability represent the two main challenges for the development of clean, reliable and cost-

effective fuel cell systems. Effective management of the liquid water and heat produced in the 

cells is essential to limit flooding and/or drying of the membrane over the entire operating tem-

perature range. In this study, two numerical models were developed to study the distribution of 

liquid water in PEM fuel cells. These models were previously validated by comparison with 

experimental measurements. They provide valuable information on the amount of water in the 

different components of the PEM fuel cell. 

 


