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Abstract

Water management is considered as a key issue in order to improve Proton Exchange Membrane Fuel Cells efficiency and durability. One of the critical components regarding this issue is the cathode Gas Diffusion Layer (GDL).

In this context, the main goal of the PhD work is to improve the understanding of the mechanisms responsible for the liquid water formation and transport in the cathode GDL. To this end, a Mixed liquid-vapour Injection Pore Network Model (MIPNM) is developed. This new model enables one to simulate the liquid water formation and transport in the cathode GDL for a larger range of operating conditions (temperature, current density and channel relative humidity) than in previous works. Different regimes of water formation and transport are identified and described.

In a second part, the PhD work focus on the impact of the GDL hydrophobic treatment.

Currently commercialized GDLs are rendered hydrophobic by coating Polytetrafluoroethylene (PTFE) onto the hydrophilic carbon fibres. It has been reported that the coating can be nonuniform on fresh GDLs and also that the coating can be altered during the operation of the fuel cell. The impact of these two phenomena on the liquid water distribution and on the reactant gas access to the catalyst layer is studied using the MIPNM for mixed wettability networks.

In a third part, a work aiming at the improvement of PEMFC efficiency is developed. The goal is to optimise the reactant gas access to the catalyst layer by modifying the microstructure of GDLs. This is performed by coupling the PNM with a genetic algorithm. In a complementary study, the improvement of the reactant gas access is studied through modifications of the GDL wettability properties.

Finally, a 1D model of the whole anode-cathode assembly is developed so as to take into account both anode and cathode operating conditions. This 1D model is coupled with the MIPNM in order to assess the impact of the anode operating conditions on the liquid water distribution in the cathode GDL.

Résumé

La gestion de l'eau dans les piles à combustible à membrane d'échange de proton (PEMFC) est une problématique principale pour assurer leur efficacité et leur durabilité. La couche de diffusion côté cathode est considérée comme l'un des composants critiques concernant cette problématique.

Dans ce contexte, l'objectif principal de la thèse est d'améliorer la compréhension des mécanismes intervenants dans la formation et le transport de l'eau dans la couche de diffusion côté cathode. Pour ce faire, un modèle en réseau de pores d'injection mixte liquide-vapeur (MIPNM) est développé. Ce nouveau modèle permet de simuler la formation et le transport de l'eau dans la couche de diffusion côté cathode sur une plus large gamme de conditions de fonctionnement de la pile (température, densité de courant et humidité relative dans le canal) qu'avec les modèles des travaux précédents. Différents régimes de formation et de transport de l'eau sont identifiés et décrits.

Dans une seconde partie, le travail de thèse se focalise sur l'impact du traitement hydrophobe de la couche de diffusion. Les couches de diffusion actuellement commercialisées sont rendues hydrophobes en déposant une couche de polytétrafluoroéthylène (PTFE) sur les fibres de carbones hydrophiles. Il a été observé que le revêtement peut être non uniforme sur des couches de diffusion neuves et que le revêtement peut se dégrader au cours du fonctionnement de la pile. L'impact de ces deux phénomènes sur la distribution de l'eau liquide et sur l'accès du gaz réactif jusqu'à la couche catalytique est étudié en utilisant le modèle MIPNM pour des réseaux à mouillabilité mixte.

Dans une troisième partie, un travail visant à l'amélioration de l'efficacité des piles est réalisé. Le but est d'optimiser l'accès du gaz réactif jusqu'à la couche catalytique en modifiant la microstructure des couches de diffusion. Ce travail est réalisé en couplant le modèle en réseau de pore avec un algorithme génétique. En complément, la modification des propriétés de mouillabilité des couches de diffusion est étudiée dans le but d'améliorer l'accès du gaz réactif.

Enfin, un modèle 1D de tout l'assemblage anode-cathode est développé pour prendre en compte à la fois les conditions de fonctionnement à la cathode et à l'anode. Ce modèle 1D est couplé au MIPNM afin d'évaluer l'impact des conditions de fonctionnement côté anode sur la distribution d'eau liquide dans la couche de diffusion côté cathode.

IV Part 4: Impact of the anode operating conditions 

Introduction

Energy needs keep increasing throughout the world. Today, most of the energy provided comes from fossil fuels. These sources are not renewable and they largely contribute to global warming due to carbon emission. To make it change, many low-carbon energy sources have been developed in the past decades.

Hydrogen energy is one of these solutions. Hydrogen can be produced from clean and renewable processes resulting to low or null carbon emission. For instance, hydrogen can be produced thanks to the electricity coming from nuclear power plants or renewable sources. Then hydrogen can be used as a fuel to generate electricity. This is what happens in Proton Exchange Membrane Fuel Cells (PEMFC).

PEMFCs are seen as a promising clean solution to generate electricity for transport aplications but also stationnary and portable applications. For a few decades, this technology has been developed all over the world and more specifically in North America, Japan and Europe.

Toyota commercialized the first car in the world using PEMFC technology in 2015 (Fig. 1.1.a). Today, Honda, Mercedes and Hyundai also commercialize their first hydrogen cars. They provide a range between 500km and 600km but the cost remains high for the moment (>60.000 euros). Regarding public transport applications, the PEMFC technology has also been implemented in trains and buses. In Germany, Alstom has developed the first hydrogen train in the world (Fig. Despite the fact that some solutions are already commercialized, the research and the development of PEMFCs keeps going today. In particular, it is tried to improve their efficiency and durability. From the economical point of view, this would counter the current high cost and help its large-scale commercialisation. The improvement of PEMFCs would also make them more sustainable which is another issue of big interest. It is in this context that the PhD work presented in this manuscript has been conducted.

Presentation of Proton Exchange Membrane Fuel Cells

PEM Fuel Cells are made of stacks of elementary cells. An elementary cell is an anode-cathode assembly made of different layers. A stack and an anode-cathode assembly are shown in Fig. 1.2.

At the edges of the anode-cathode assembly, the bipolar plates (BP) are made of channels separated by ribs. The reactant gases, i.e. hydrogen at the anode and air or oxygen at the cathode, flow in the channels to supply the fuel cell. The BPs are in contact with a Diffusion Media (DM). The first layer of the DM is called the Gas Diffusion Layer (GDL). This thin porous layer is made of carbon fibers. A Micro Porous Layer (MPL) with a refined microstructure is often added to the DM. Then, the reactant gases diffuse through the DM to reach the catalyst layers (CL). At the anode CL, hydrogen splits into protons and electrons according to the half redox equation 1.1. The protons are transferred to the cathode CL by crossing the membrane. At the cathode CL, another half redox reaction takes place. The oxygen reacts with the protons and electrons to produce water (Eq. 1.2).

H 2 → 2H + + 2e - (1.1)

2H + + 2e -+ 1 2 O 2 → H 2 O (1.
2)

The overall electrochemical reaction happening in a PEMFC can be written:

H 2 + 1 2 O 2 → H 2 O (1.3)
This exothermic electrochemical reaction produces water, generates electricity and releases heat.

Figure 1.2: Schematic of a PEMFC stack [1] (left) and an anode-cathode assembly (right).

Water management in PEMFCs

The water management in PEMFCs is an issue dealing with both their efficiency and durability [2,3]. On the one hand, the membrane needs to be well hydrated. It permits to increase the proton conductivity of the membrane. To do so, the injected reactant gases at the anode and the cathode are most of the time humidified. On the other hand, the presence of too much liquid water in the pores of the CL or GDL is not encouraged. In particular, the presence of liquid water in the cathode GDL is reported to prevent the transfer of the reactant gas through it. A reduction of the transfer of reactant gas from the channels of the BP to the cathode CL directly impacts the efficiency of the fuel cell. In the worst case, if the GDL is flooded the reactant gas cannot be transferred anymore and the fuel cell cannot work. The water management issue is even more critical when it is tried to operate the fuel cell at high current density with the aim to increase the efficiency. Indeed, the higher the current density, the bigger the quantity of water produced to deal with.

Due to its significance the water management issue has been studied a lot. Many experimental and numerical works have been dedicated to it. The cathode GDL has been reported as a critical component regarding water management in PEMFC. The PhD work has mainly been focused on the study of the water management in the cathode GDL.

Goals and outlines of the thesis

The liquid water formation and transport in cathode GDLs have already been studied a lot in the past decades. Surprisingly, in spite of the considerable worldwide research effort, the mechanisms involved are not yet fully understood. This constitutes an obstacle for the design of efficient and durable fuel cells. Recent numerical works have permitted to identify some scenarios of liquid water formation and transport in the cathode GDL and numerical models have been developed to accurately simulate these phenomena. Unfortunately, these models only work for limited operating conditions of fuel cells.

In this context, the main goal of the PhD work was to improve the understanding of the mechanisms responsible for the liquid water formation and transport in the cathode GDL in a large range of operating conditions. A new numerical model based on Pore Network Modelling has been developed. Depending on the fuel cell operating conditions, different regimes of water formation and transport have been identified and described. This work is presented in the first part of the manuscript.

In a second part, the PhD work focuses on the impact of the GDL hydrophobic treatment. Currently commercialized GDLs are rendered hydrophobic by coating Polytetrafluoroethylene (PTFE) onto the hydrophilic carbon fibres. It has been reported that the coating can be nonuniform on fresh GDLs and also that the coating can be altered during the operation of the fuel cell. The impact of these two phenomena on the liquid water distribution and on the reactant gas access to the catalyst layer is studied.

In a third part, a work aiming at the improvement of PEMFC efficiency is developed. The goal is to optimise the reactant gas access to the catalyst layer by modifying the microstructure of GDLs. This is performed by coupling Pore Network Modelling with a genetic algorithm.

In a complementary study, the improvement of the reactant gas access is studied through modifications of the GDL wettability properties.

Finally, a 1D model of the whole anode-cathode assembly is developed so as to take into account both anode and cathode operating conditions. This 1D model is coupled with the Pore Network Model developed in the first part of the thesis in order to assess the impact of the anode operating conditions on the liquid water distribution in the cathode GDL.
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Presentation of gas diffusion layers

Main properties of gas diffusion layers

Gas Diffusion Layers are thin, highly porous and anisotropic layers made of carbon fibres with a diameter around 10µm (see Fig. 2.1.a). The main current manufacturers are Toray, SGL and Freudenberg.

The thickness of commercial GDLs varies from 190µm to 440µm and their porosity ranges from 60% to 90% [1]. The pore size ranges from 1µm to 100µm (see the pore size distribution measured for a SGL 25BC GDL [2] shown in Fig. 2.2). The thickness and the porosity of the GDL is modified when the fuel cell is assembled as the ribs separating the channels of the bipolar plate compress locally the GDL. The thickness and the porosity is decreased below the ribs [1,3].

Their high anisotropy has been reported in characterization studies [4,5]. Their anisotropy is mainly caused by the orientation of the fibres during the roll-to-roll processing [1]. There are two main types of structure of GDLs: carbon paper and carbon cloth. For both structure, the fibres are preferentially aligned in the in-plane directions of the layer. From X-ray tomographic images, the anisotropy of GDL was recently characterized by a difference of shape between the in-plane and through-plane cross-section of the pores which are respectively elongated ellipses and circles [5]. This anisotropy makes the transfer properties highly direction dependent.

The carbon fibres of GDLs are hydrophilic with a static contact angle on the order of 80 • [6].

Due to the microstructure of GDLs, the transport of liquid water is controlled by capillary forces. In a porous media the wettability impacts a lot the transport when it is controlled by capillary forces. If the medium is fully hydrophobic it has been shown [7] that the injection of liquid water will lead to capillary fingering whereas a compact invasion pattern is obtained when the medium is hydrophilic. Capillary fingering leaves many pores free of liquid and thus is more favourable for maintaining a good gas access whereas a compact regime is much more detrimental in this respect. This phenomenon is shown in Fig. 2.3. Therefore, it is preferred for GDLs to be fully hydrophobic. GDLs are generally rendered hydrophobic by applying a polytetrafluoroethylene (PTFE) coating. The contact angle on a PTFE flat surface is expected to be on the order of 110 • [7]. However, it is difficult to obtain a homogeneous coating and it has been reported that the content in PTFE was often greater near the surfaces than in the interior of the GDL [8,9]. The presence of PTFE impacts the microstructure and the porosity of the GDL as it can be seen in Fig. 2.1.b. and 5% PTFE (b) [10] and SEM image of a SGL 10BB MPL [11]. Figure 2.3: Evolution of the invasion pattern with the contact angle (invading phase in grey) [7].

The micro porous layer

As already explained, a MPL can be added between the GDL and the CL. This second layer is made of carbon powder and hydrophobic agent [12] (see Fig. 2.1.c). This layer is less porous than the GDL and especially the pore sizes are much smaller (hundreds of nanometres). This layer can partially penetrate the GDL. The presence of a MPL has been reported to enhance the water management and consequently improve the performances of the fuel cell. Due to the MPL microstructure, the invasion of liquid water coming from the cathode CL and crossing the MPL before the GDL leads to lower saturation levels at breakthrough [13]. The presence of a MPL also impacts the transfer properties of gas and heat. In particular, the MPL has been reported to impact the heat transfer in a way which improves the performances of the fuel cell [14].

Degradation of gas diffusion layers

The properties of GDLs are modified during the use of the fuel cell. Mechanical degradation and chemical degradation have been reported [15]. The GDL microstructure can be irreversibly damaged because of compression [16]. For instance, the breakup of fibres has already been observed. Also a loss of hydrophobicity has largely been reported [16][17][18][19][20][21]. The operating conditions and especially the temperature have been reported to impact the rate of degradation of the hydrophobicity. Indeed, while no significant change has been observed in post-mortem analyses of GDLs by Nandjou et al. [22], some other works (references in [22]) have shown that the degradation of the hydrophobicity was increased when the fuel cell was operated at higher temperature.

Improved gas diffusion layers

The GDL technology keeps being improved through the years. The PTFE coating to render the GDL hydrophobic is present in most of the commercialized GDLs today. This was a first improvement. Furthermore, it has also been experimentally tried to make perforated GDLs [23][24][25][26][27][28]. It is expected that the liquid water would cross the GDL inside these through-plane oriented holes which would permit to keep the rest of the GDL dry to ease the reactant gas diffusion. Also, it has been tried to design wettability patterned GDLs with hydrophilic strips aligned in the in-plane direction perpendicularly to the channels [29][30][31]. The objective of such a solution is to make as much as possible liquid water to flow in the hydrophilic strips in order to keep the hydrophobic regions dry for the diffusion of the reactant gas. In addition, it has recently been tried to generate new structures of GDL using electrospinning process [32,33]. It permits to control the microstructure of the GDL and the size of the fibre. It enables to design GDLs with gradient of porosity along the through-plane direction for instance.

Experimental observations of liquid water distribution in PEM Fuel Cells

X-ray tomographic microscopy has first been used to characterize the properties (microstructure, anisotropy, porosity, permeability, transport characteristics) of the different layers (mainly the GDL) in ex-situ conditions.

Experimental observations of liquid water distribution in PEM Fuel Cells

Within the last decade, several experimental studies dedicated to the observation of liquid water distribution in operating PEMFC have been performed. The experimental fuel cells are small, made of a unique anode-cathode assembly and have only a few gas channels in the bipolar plate as shown in Fig. 2.4. The development and improvement of X-ray tomographic microscopy and neutron radiography have made such observations possible. One can refer to the X-ray tomographic microscopy works of the team of Bazylak [33][34][35][36][START_REF] Muirhead | Simultaneous characterization of oxygen transport resistance and spatially resolved liquid water saturation at high-current density of polymer electrolyte membrane fuel cells with varied cathode relative humidity[END_REF][START_REF] Banerjee | A Comparison of Felt-Type and Paper-Type Gas Diffusion Layers for Polymer Electrolyte Membrane Fuel Cell Applications Using X-Ray Techniques[END_REF][START_REF] Muirhead | Liquid water saturation and oxygen transport resistance in polymer electrolyte membrane fuel cell gas diffusion layers[END_REF][START_REF] Lee | Microporous layer to carbon fibre substrate interface impact on polymer electrolyte membrane fuel cell performance[END_REF] or the team of Eller [START_REF] Eller | Progress in In Situ X-Ray Tomographic Microscopy of Liquid Water in Gas Diffusion Layers of PEFC[END_REF][START_REF] Eller | Operando Properties of Gas Diffusion Layers: Saturation and Liquid Permeability[END_REF][START_REF] Nagai | Improving water management in fuel cells through microporous layer modifications: Fast operando tomographic imaging of liquid water[END_REF] and the neutron radiography works of the team of Boillat [31,[START_REF] Oberholzer | Local Characterization of PEFCs by Differential Cells: Systematic Variations of Current and Asymmetric Relative Humidity[END_REF][START_REF] Lamanna | Isolation of transport mechanisms in PEFCs using high resolution neutron imaging[END_REF]. Liquid water distributions obtained from X-ray tomographic microscopy [START_REF] Eller | Progress in In Situ X-Ray Tomographic Microscopy of Liquid Water in Gas Diffusion Layers of PEFC[END_REF] and neutron radiography [START_REF] Oberholzer | Local Characterization of PEFCs by Differential Cells: Systematic Variations of Current and Asymmetric Relative Humidity[END_REF] are shown in Fig. 2.4.

Some of these works have studied the impact of the operating conditions (temperature, relative humidity of the reactant gas, current density) on the liquid water distribution [34,[START_REF] Muirhead | Simultaneous characterization of oxygen transport resistance and spatially resolved liquid water saturation at high-current density of polymer electrolyte membrane fuel cells with varied cathode relative humidity[END_REF][START_REF] Muirhead | Liquid water saturation and oxygen transport resistance in polymer electrolyte membrane fuel cell gas diffusion layers[END_REF][START_REF] Eller | Progress in In Situ X-Ray Tomographic Microscopy of Liquid Water in Gas Diffusion Layers of PEFC[END_REF][START_REF] Eller | Operando Properties of Gas Diffusion Layers: Saturation and Liquid Permeability[END_REF][START_REF] Oberholzer | Local Characterization of PEFCs by Differential Cells: Systematic Variations of Current and Asymmetric Relative Humidity[END_REF]. Some of these works have studied the impact of the GDL design: felt-type GDLs versus paper-type GDLs [START_REF] Banerjee | A Comparison of Felt-Type and Paper-Type Gas Diffusion Layers for Polymer Electrolyte Membrane Fuel Cell Applications Using X-Ray Techniques[END_REF], the impact of the thickness of the GDL [START_REF] Lee | Investigating the effects of gas diffusion layer substrate thickness on polymer electrolyte membrane fuel cell performance via synchrotron X-ray radiography[END_REF], the impact of the intrusion of the MPL into the GDL [START_REF] Lee | Microporous layer to carbon fibre substrate interface impact on polymer electrolyte membrane fuel cell performance[END_REF], new designs of GDL with patterned wettability [31] or new microstructures [33].

Today, researchers are able to make fast X-ray tomographic microscopy scans to capture the dynamics of the formation and transport of liquid water [START_REF] Xu | Fighting the Noise: Towards the Limits of Subsecond X-ray Tomographic Microscopy of PEFC[END_REF]. In 2019, Eller's team was able to reach time scan of 0.1s for instance. c,d) observed thanks to X-ray tomographic microscopy (a,c) [START_REF] Eller | Progress in In Situ X-Ray Tomographic Microscopy of Liquid Water in Gas Diffusion Layers of PEFC[END_REF] and neutron radiography (b,d) [START_REF] Oberholzer | Local Characterization of PEFCs by Differential Cells: Systematic Variations of Current and Asymmetric Relative Humidity[END_REF].

Chapter 2. State of the art

Modelling the water transport in PEM Fuel Cells

Numerical modelling has been useful to help understanding the mechanisms responsible for the formation and transport of liquid water in PEMFC. A lot of numerical models have been developed to do so. These models all vary from each other on different aspects.

First, different physical phenomena occur in PEMFC [START_REF] Weber | Modeling Transport in Polymer-Electrolyte Fuel Cells[END_REF]. The water transfer problem cannot be decorelated from the other physical problems happening in the fuel cell such as heat transfer, phase change phenomena, electrical charge transport or electrochemical reaction.

Furthermore, the models can vary from each other depending on the scale of modelling. The phenomena occuring can be studied at the microscale for a given component. At the macroscale an entire component or a full anode-cathode assembly can be modelled. These models also can be extended to the full stack scale [START_REF] Berg | Water Management in PEM Fuel Cells[END_REF].

Also the models can differ in terms of dimensionality. For the water transfer in PEMFC, it can be 1D in the direction crossing all the layers of the anode-cathode assembly or 1D in the direction along the channel. It can also be 2D or 3D. Thanks to the decrease of computational cost, multi-dimensional models are more and more developed. It helps improving the quality of the models. At the anode-cathode assembly scale, it is required to consider that the geometry of a fuel cell is at least 2D in order to be accurate enough because of the bipolar plate geometry made of channels periodically separated by ribs.

Moreover, the models vary from each other in terms of numerical approaches [START_REF] Weber | A Critical Review of Modeling Transport Phenomena in Polymer-Electrolyte Fuel Cells[END_REF]. In particular, the multiphase water transfer problem can be modelled using different approaches. It can appear quite component dependent because of the different structure scales of each component.

Approaches for modelling the membrane

Both microscopic and macroscopic models can be developed for membranes. The microscopic ones focus at the "pore" level. The macroscopic models describe the different transfers occuring in the membrane at the macroscale. They often derive from empirical models [START_REF] Springer | Polymer Electrolyte Fuel Cell Model[END_REF][START_REF] Hinatsu | Water Uptake of Perfluorosulfonic Acid Membranes from Liquid Water and Water Vapor[END_REF]. For macroscale modelling the membrane can be considered as a single homogeneous phase in which protons and water move. It is referred to as diffusive models. In one of the first PEMFC model developed, Springer et al. [START_REF] Springer | Polymer Electrolyte Fuel Cell Model[END_REF] have modelled the membrane using a diffusive model. The membrane can also be considered as a two phase media made of a membrane and "pores" filled with water. It is called hydraulic models.

Approaches for modelling the catalyst layers

The catalyst layer can be considered as a really thin porous layer (typically less than 30µm) with nanoscale pore size. Several phenomena take place into it: electrochemical reaction, consumption of reactant gases, production of water, release of heat and phase change. In most models, a macrohomogeneous approach is used because of the nanostructure of this component [START_REF] Eikerling | Modelling the performance of the cathode catalyst layer of polymer electrolyte fuel cells[END_REF][START_REF] Eikerling | Water Management in Cathode Catalyst Layers of PEM Fuel Cells A Structure-Based Model[END_REF]. Different macrohomogeneous approaches have been developed. However, some models have also explored pore scale modelling. Using pore network modelling for such a porous media can become quite complex and the computational cost can be really high (∼ weeks) [START_REF] El Hannach | Pore network model of the cathode catalyst layer of proton exchange membrane fuel cells: Analysis of water management and electrical performance[END_REF]. Also, it has been tried to use Lattice Boltzmann Method [START_REF] Gao | Using MRT lattice Boltzmann method to simulate gas flow in simplified catalyst layer for different inlet-outlet pressure ratio[END_REF][START_REF] Chen | Lattice Boltzmann Pore-Scale Investigation of Coupled Physical-electrochemical Processes in C/Pt and Non-Precious Metal Cathode Catalyst Layers in Proton Exchange Membrane Fuel Cells[END_REF].

Approaches for modelling the gas diffusion layers

Gas diffusion layers are fibrous layers with microscale pore size. The liquid water transport, the gas transfer, the heat transfer, phase change phenomena and electronic conduction should be modelled for this component. Different approaches have been developed for modelling the water transport in this layer.

Macrohomogeneous approaches have been used for modelling the GDL in full anode-cathode assembly models. Effective properties for the different transfers in the GDL are necessary. It is important to stress the fact that the validity of macrohomogeneous approach for such a thin and anisotropic layer has been questioned several times [START_REF] Rebai | Scale effect and two-phase flow in a thin hydrophobic porous layer. Application to water transport in gas diffusion layers of proton exchange membrane fuel cells[END_REF][START_REF] García-Salaberri | On the Limitations of Volume-Averaged Descriptions of Gas Diffusion Layers in the Modeling of Polymer Electrolyte Fuel Cells[END_REF].

Lattice Boltzmann Method (LBM) have also been used [START_REF] Hao | Lattice Boltzmann simulations of water transport in gas diffusion layer of a polymer electrolyte membrane fuel cell[END_REF][START_REF] Gao | Lattice Boltzmann simulation of water and gas flow in porous gas diffusion layers in fuel cells reconstructed from micro-tomography[END_REF][START_REF] Kim | Lattice Boltzmann simulation of liquid water transport in microporous and gas diffusion layers of polymer electrolyte membrane fuel cells[END_REF][START_REF] Chen | Impact of PTFE content and distribution on liquid-gas flow in PEMFC carbon paper gas distribution layer: 3D lattice Boltzmann simulations[END_REF][START_REF] Gr | Impact of PTFE distribution on the removal of liquid water from a PEMFC electrode by lattice Boltzmann method[END_REF]. This technique permits to simulate multiphase flow. Also this method has the advantage to permit the simulation of the exact microstructure of the GDL which can be obtained thanks to X-ray microtomography for instance. One major drawback of this technique is its high computational cost.

Monte Carlo models have also been developed [START_REF] Seidenberger | Estimation of water distribution and degradation mechanisms in polymer electrolyte membrane fuel cell gas diffusion layers using a 3D Monte Carlo model[END_REF][START_REF] Seidenberger | Grand canonical Monte Carlo study on water agglomerations within a polymer electrolyte membrane fuel cell gas diffusion layer[END_REF] to predict the liquid water distribution in PEMFC GDLs. This technique can take into account water transport and phase change at the microscopic scale. An advantage of this technique is that the exact microstructure of the GDL can be modelled. Unfortunately, the number of models using this technique remains quite low.

Volume Of Fluid technique (VOF) has also been used for the study of the water transport in GDLs [START_REF] Park | Numerical investigations on liquid water removal from the porous gas diffusion layer by reactant flow[END_REF][START_REF] Yin | Numerical simulation of two-phase cross flow in microstructure of gas diffusion layer with variable contact angle[END_REF][START_REF] Ferreira | 1D + 3D two-phase flow numerical model of a proton exchange membrane fuel cell[END_REF][START_REF] Niu | Two-phase flow in the mixed-wettability gas diffusion layer of proton exchange membrane fuel cells[END_REF]. This method is implemented in some widely used commercial CFD softwares like FLUENT for instance. FLUENT has its own PEMFC modelling module. It allows the simulation of multiphase systems (liquid water and reactant gas). However, phase change in GDLs has never been simulated using VOF method in these models.

Pore Network Modelling (PNM) has widely been used for the simulation of the water transport in GDLs (all the PNMs developed for the simulation of the water transport in GDLs are mentioned in Table 2.1). This technique models the porous layer as a network of pores linked each other by throats. It is possible to extract pore networks from tomographic images of GDLs to model accurately the microstructure [START_REF] Agaesse | Validation of pore network simulations of ex-situ water distributions in a gas diffusion layer of proton exchange membrane fuel cells with X-ray tomographic images[END_REF]. The main objective of PNM is to accurately model the multiphase transport in porous media. Actually, this technique can model the liquid water transport, the gas transfer but also heat transfer, phase change phenomena or electrical charge transport. PNM is well adapted for thin porous layers for which the transport of liquid water is controlled by capillary forces.

A last approach called water path network [START_REF] Alink | Modeling the Liquid Water Transport in the Gas Diffusion Layer for Polymer Electrolyte Membrane Fuel Cells Using a Water Path Network[END_REF][START_REF] Alink | Coupling of a continuum fuel cell model with a discrete liquid water percolation model[END_REF] has been explored for the water transport in GDLs. This technique is really close to Pore Network Modelling. The main difference is that the water path network approach does not consider the GDL as a porous media made of pores but as a fibrous media made of fibres. The water pathways can be different. Phase change phenoma can be modelled with this approach.

Pore Network Modelling to study the water transport in cathode gas diffusion layers

The PhD work mainly focuses on the cathode GDL as it has been reported to be a critical component regarding the water management in PEMFC. Different numerical approaches have been used for the modelling of the water formation and transport in cathode GDLs. Macrohomogeneous approaches are not well adapted for such thin and anisotropic layers as it has been shown [START_REF] Rebai | Scale effect and two-phase flow in a thin hydrophobic porous layer. Application to water transport in gas diffusion layers of proton exchange membrane fuel cells[END_REF][START_REF] García-Salaberri | On the Limitations of Volume-Averaged Descriptions of Gas Diffusion Layers in the Modeling of Polymer Electrolyte Fuel Cells[END_REF]. Above all, this approach cannot predict the exact liquid water distribution in the porous layer. To the best of our knowledge, models using LBM approach have never considered phase change phenomena in GDLs while experimental works have shown that these phenomena impact a lot the transport of the water in the GDL [START_REF] Shum | Investigating Phase-Change-Induced Flow in Gas Diffusion Layers in Fuel Cells with X-ray Computed Tomography[END_REF]. Another drawback of LBM is its high computational cost. For these reasons PNM has become the most popular technique to simulate the water formation and transport in cathode GDLs. All the PNMs developed for the simulation of the water transport in GDLs are mentioned in Table 2.1. This approach has been used during this PhD work.

Over the years Pore Network Models developed for the simulation of the water transport in the cathode GDL have gradually been improved. Today, one can distinguish two main groups of PNM. PNMs of the first group only consider the transport of liquid water without taking into account phase change phenomena in the cathode GDL. These are the oldest models. Reversely, the PNMs of the second group consider phase change phenomena. These models have been developed in the past years in order to be in agreement with the experimental observations of in-situ liquid water distributions.

In the next subsections, the theory that applies to the two-phase transfer in porous media is first presented then the two groups of PNMs are presented in detail. In a PEMFC GDL it is necessary to consider the two-phase flow of water and gas (air or oxygen at the cathode). These two phases are non-miscible. In a porous media the two-phase flow can be controlled by the capillary forces and or the viscous forces. If the GDL is supposed to be a fully hydrophobic porous media, then the water is the non-wetting phase and it displaces the gas which is the wetting phase. This process is called a drainage.

Different regimes of drainage process have been experimentally identified by Lenormand et al. [START_REF] Lenormand | Numerical models and experiments on immiscible displacements in porous media[END_REF]. These regimes depend on two dimensionless numbers: the capillary number C a and the ratio of viscosities M :

C a = µ l U γ (2.1)
where µ l is the dynamic viscosity of water, U the displacement velocity and γ the surface tension.

M = µ l µ g (2.2)
where µ l and µ g are the dynamic viscosity of water and gas respectively.

For cathode GDLs operating at 80 • C, M ∼ 17,5. For PEMFC applications, the capillary number can also be written:

C a = µ l iM H 2 O 2F ρ H 2 O γ (2.3)
where i is the current density, M H 2 O the molar mass of water, F the Faraday's constant, ρ H 2 O the density of water. If we take i=1 A•cm -2 , we obtain C a ∼ 10 -7 -10 -8 . (If we consider the target values of current density for the automotive applications i ∼ 4 A•cm -2 , the capillary number C a remains in the same order of magnitude.)

These values of C a and M correspond to the capillary fingering regime. In this regime the water transport is controlled by capillary forces and the displacement can be assumed quasi-static.

Liquid water transport

For this regime of drainage, if the GDL is fully hydrophobic, the water transport follows Invasion Percolation (IP) theory. This theory has first been established by Wilkinson and Willemsen [START_REF] Wilkinson | Invasion percolation: a new form of percolation theory[END_REF]. The invasion is simply controlled by the size of the elements. A water cluster always choose to invade the neighbour element (pore or throat) of largest diameter. This theory is a direct consequence of the Young-Laplace equation which defines the capillary pressure p c between the two phases:

p c = 4γcos(θ) d i (2.4)
where d i is the diameter of the throat, θ the contact angle and γ the surface tension.

As shown by Lenormand et al. [START_REF] Lenormand | Role Of Roughness And Edges During Imbibition In Square Capillaries[END_REF], this theory becomes more complex in hydrophilic porous media or media with mixed wettability. In such a situation, the number of adjacent hydrophilic elements already filled with liquid water impacts the invasion process. This aspect can be taken into account by defining the invasion potential of each element (pore or throat) appropriately.

The invasion potential is a function of the pore size, the wettability of the element and the number of adjacent hydrophilic elements already filled with water. These phenomena experimentally highlighted by Lenormand have been modelled by Blunt and Scher [START_REF] Blunt | Pore-level modeling of wetting[END_REF] then Mani and Mohanty [START_REF] Mani | Effect of pore-space spatial correlations on two-phase flow in porous media[END_REF]. In the current work, this aspect has been taken into account based on the definition suggested by Ceballos et al. [START_REF] Ceballos | Slow invasion of a fluid from multiple inlet sources in a thin porous layer: influence of trapping and wettability[END_REF] which derives itself from Mani and Mohanty [START_REF] Mani | Effect of pore-space spatial correlations on two-phase flow in porous media[END_REF].

We can also quote the method developed by Cieplak et al. [START_REF] Cieplak | Influence of contact angle on quasistatic fluid invasion of porous media[END_REF] to model the invasion process in a porous media. This method has recently been used by Chapuis et al. [7].

Transport of species

The reactant gas injected at the cathode side of a PEMFC is oxygen but in most cases air is injected rather than pure oxygen. Air mainly contains nitrogen (∼ 78%) and oxygen (∼ 21%). Therefore, the mixture should be considered as a ternary mixture of water vapour, nitrogen and oxygen. In this work, the mixture has been considered as a binary mixture of water vapour and air.

For a binary mixture, Fick's law can be used to express the diffusion flux of water vapour N v :

N v = -D∇(cx v ) (2.5)
where D is the diffusion coefficient, c is the mole concentration of the gas phase and x v is the water vapour molar fraction. The transport of species can easily be modelled using Pore Network approach.

Pure liquid injection without phase change Pore Network Model

The number of PNMs developed to study the liquid water transport in GDLs which only solve the transport of liquid water without phase change is quite significant.

Gostick et al. [START_REF] Gostick | Pore network modeling of fibrous gas diffusion layers for polymer electrolyte membrane fuel cells[END_REF] have developed the first PNM to study the liquid water transport in GDLs.

A GDL unit cell located between a rib and a channel is modelled using PNM. A 3D regular cubic network is generated. This model also solves the transfer of reactant gas (oxygen at the cathode) in the wet GDL in order to assess the effective diffusivity of the reactant gas when the GDL contains liquid water. As most of the PNM developed for this application, it is a steady-state PNM.

The main improvements over the years are presented below:

• Sinha et al. [START_REF] Sinha | Pore-network modeling of liquid water transport in gas diffusion layer of a polymer electrolyte fuel cell[END_REF] have developed the first dynamic PNM.

• Chapuis et al. [7] have developed the first PNM able to simulate both hydrophobic and hydrophilic networks.

• Sinha et al. [START_REF] Sinha | Liquid water transport in a mixed-wet gas diffusion layer of a polymer electrolyte fuel cell[END_REF] have developed the first PNM able to take into account mixed wettability.

The idea was to study the impact of the non-uniform distribution of PTFE in fresh GDLs.

• Lee et al. [START_REF] Lee | Pore-network analysis of two-phase water transport in gas diffusion layers of polymer electrolyte membrane fuel cells[END_REF] were the first to study the impact of the compression of the GDL. In a real GDL, it is known that the GDL located below the rib of the bipolar plate is compressed.

• Ceballos et al. [START_REF] Ceballos | Invasion percolation with inlet multiple injections and the water management problem in proton exchange membrane fuel cells[END_REF] developed a PNM which considers that the liquid water enters the GDL at the GDL-CL interface in injections points while previous studies only considered an uniform injection of liquid water in the entire interface. This improvement permits to mimic the role of the non-modelled MPL which creates preferential pathways. Later, Ceballos et al. studied the impact of sequential versus kinetic algorithm. (In the sequential algorithm, the IP algorithm is applied to a first injection point until breakthrough is reached. Then the IP algorithm is applied to another injection point. Reversely, for a kinetic algorithm the IP algorithm is applied to all the injection points simultaneously.) Also, Ceballos et al. [START_REF] Ceballos | Slow invasion of a fluid from multiple inlet sources in a thin porous layer: influence of trapping and wettability[END_REF] studied the trapping effect.

• Hinebaugh et al. [START_REF] Hinebaugh | Unstructured Pore Network Modeling with Heterogeneous PEMFC GDL Porosity Distributions[END_REF] were the first to consider unstructured pore networks. Their 2D pore network was generated thanks to the characterization of GDLs done by X-ray tomography imaging.

• Lee et al. [START_REF] Lee | Steady liquid water saturation distribution in hydrophobic gas-diffusion layers with engineered pore paths: An invasion-percolation pore-network analysis[END_REF] simulated special designs of GDLs with holes for example. Such a GDL design had been experimentally tested in previous works by Gerteisen et al. [24].

• Wu et al. [START_REF] Wu | Liquid and oxygen transport through bilayer gas diffusion materials of proton exchange membrane fuel cells[END_REF] have developed a PNM to simulate the water transfer in both the GDL and the MPL in order to assess the impact of the MPL characteristics. The generated network was quite big with 200x200 pores in the in-plane slices for the MPL.

• Alink et al. [START_REF] Alink | Modeling the Liquid Water Transport in the Gas Diffusion Layer for Polymer Electrolyte Membrane Fuel Cells Using a Water Path Network[END_REF] have developed a 2D water path network model. It is quite different from PNM as it does not consider that the network is made of pores and throats. Reversely, the water path network is an attempt to consider the actual structure of a GDL.

• Fazeli et al. [START_REF] Fazeli | Investigating Inlet Condition Effects on PEMFC GDL Liquid Water Transport through Pore Network Modeling[END_REF] have been able to generate a 3D pore network from X-ray tomographic images of GDLs. It permits to accurately take into account the distribution of porosity and the anisotropy of the GDL.

• Aghighi et al. [START_REF] Aghighi | Simulation of a Full Fuel Cell Membrane Electrode Assembly Using Pore Network Modeling[END_REF] have developed a full anode-cathode assembly model. In this model, a pore network was generated for the GDL and the CL. However, the pore network approach was used only for the GDL while continuum approach was used for the CL.

• PNMs solving only the liquid water transport without phase change keeps being developed to study different aspects of GDLs as the fibre surface morphology [START_REF] Liu | Modeling the Effect of Fibre Surface Morphology on Liquid Water Transport in Polymer Electrolyte Membrane Fuel Cell Gas Diffusion Layers[END_REF], the impact of porosity gradient [START_REF] Zhan | Pore network modeling of liquid water and oxygen transport through the porosity-graded bilayer gas diffusion layer of polymer electrolyte membrane fuel cells[END_REF] or the impact of the MPL intrusion inside the structure of the GDL [START_REF] Wong | Tuning MPL Intrusion to Increase Oxygen Transport in Dry and Partially Saturated Polymer Electrolyte Membrane Fuel Cell Gas Diffusion Layers[END_REF].

Pore Network Models taking into account phase change

The development of PNMs taking into account phase change phenomena for the study of the liquid water formation and transport in GDL PEMFC is quite recent. The main improvements are chronologically described below.

• Alink et al. [START_REF] Alink | Modeling the Liquid Water Transport in the Gas Diffusion Layer for Polymer Electrolyte Membrane Fuel Cells Using a Water Path Network[END_REF] were the first to introduce phase change phenomena in PNM. Actually, their model was really limited as it only faked a constant condensation rate in the entire pore network without considering the temperature and relative humidity distributions which are not computed.

• Medici et al. [START_REF] Médici | Evaporation, two phase flow, and thermal transport in porous media with application to low-temperature fuel cells[END_REF] were the first to develop a PNM solving evaporation in the GDL. The heat transfer was solved in this model but condensation was not possible.

• Alink et al. [START_REF] Alink | Coupling of a continuum fuel cell model with a discrete liquid water percolation model[END_REF] developed the first water path network model which considers both condensation and evaporation phenomena. As already explained, water path network models are not exactly pore network models. The model was coupled to a continuum model solving the thermodynamics processes.

• Straubhaar et al. [START_REF] Straubhaar | Water transport in gas diffusion layer of a polymer electrolyte fuel cell in the presence of a temperature gradient. Phase change effect[END_REF] were the first to consider both condensation and evaporation in a real pore network model. The heat transfer was solved assuming a 1D thermal gradient from the catalyst layer to the bipolar plate. The model has later been improved to solve the heat transfer problem in 3D [START_REF] Straubhaar | Pore network modelling of condensation in gas diffusion layers of proton exchange membrane fuel cells[END_REF]. This model has also been used by Belgacem et al. [START_REF] Belgacem | Coupled continuum and condensation-evaporation pore network model of the cathode in polymer-electrolyte fuel cell[END_REF][START_REF] Belgacem | On the current distribution at the channel -rib scale in polymerelectrolyte fuel cells[END_REF] in a model coupling PNM with continuum approach to solve all the transfers at the cathode side (from the bipolar plate to the membrane). 

Conclusion

The study of water formation and transport in PEMFC has motivated a quite significant number of studies because the water management as well as other related important aspects (degradation, design improvements) are key issues.

On the experimental side, visualizations of in-situ liquid water distributions for different operating conditions are now available, mostly, however, in the GDL diffusion medium. The much smaller pores in the catalyst layer or the MPL make this type of visualization much more challenging.

On the modelling side, almost all the techniques used in the broader context of multi-phase flows in porous media have been applied. However, only a few models take into account both condensation and evaporation phenomena. This is surprising since there is now no doubt that liquid-vapor phase change phenomena are a crucial aspect of the water transfer in PEMFC.

In this context, this thesis intends to take advantage of the available experimental visualizations in conjunction with advanced PNM modelling for developing a better understanding of the liquid water occurrence in cathode GDLs. In continuation with previous works, PNM is seen as a well-adapted technique, much less costly than direct simulations while much more informative than the macrohomogeneous models, noting furthermore that the relevance of the latter is also often questionable because of the lack of length scale separation over the GDL thickness. 

Introduction

Water management is a major issue for the development of Polymer Electrolyte Membrane Fuel Cell (PEMFC) technology [1]. In this context, a better understanding of the water formation and transport mechanisms within the fuel cell can be highly helpful. As pointed out for instance in [2], GDLs are integral part of PEMFCs and play a key role for the distribution of the reactant gas from the channel to the catalyst layer (CL) as well as for removing the water produced in the CL. Due to its significance, the water issue in GDLs has been the subject of many experimental and numerical studies.

On the experimental side, several groups have contributed to this field using X-ray tomographic microscopy or neutron radiography techniques. One can refer to Section 2.2 for more details. On the numerical side, quite a few models using different approaches have been developed. One can refer to Section 2.3 for more details. In brief, Pore Network Modelling (PNM) is nowadays the most popular numerical technique to study the water formation and transport in GDLs.

As already explained, two main groups can be distinguished as regards the PNMs aiming at simulating the pore filling of the GDL by liquid water under in-situ conditions. The first group is by far the largest in number of articles, e.g. [3][4][5][6][7][8][9][10][11][12][13][14]. The main assumption for this group is that water enters the GDL in liquid phase from the CL or MPL/GDL interface. For this reason, the models of this group are referred to as Liquid Injection Pore Network Models (LIPNM). Also, the temperature of the GDL is implicitly assumed as spatially uniform and phase change phenomena are neglected. The models of the second group [15][16][17][18][19], have been proposed much more recently. Compared to the models of the first group, a major difference is that liquid water can form within the GDL as a result of vapour condensation. Also, the temperature variations within the GDL are taken into account. This is actually a key feature in those models. Contrary to the models of the first groups, the assumption is made that water enters the GDL from the CL or the MPL in vapour phase and not in liquid phase. The development of the condensation PNM (CPNM) was motivated by the fact that experimental works, i.e. [20,21], show situations where the liquid water is confined under the ribs with no liquid water in the regions of the GDL below the channels. As discussed and shown in [16,17], the condensation PNM leads to results in fairly good agreement with those experiments. Owing to the crucial role of condensation, the PNMs of the first group should lead to very poor results in this case. The corresponding conditions were a standard operating temperature of 80 • C and possibly a high relative humidity in the channel. However, the condition of a fully humidified gas in the channel was not considered in the simulations presented in [16,17]. Interestingly, the visualisations of the water distribution obtained by X-ray tomography presented in [22] for a temperature of 80 • C but fully humidified channel gas conditions show liquid water distributions markedly different with liquid water present not only below the rib but also in the regions of the GDL below the channel. At lower temperatures, i.e. T ≈ 40 • C, the liquid water distributions obtained by X-ray tomography also show that the liquid water can be present almost everywhere, both below the ribs and below the channels [23]. In addition, the water distributions presented in [24] for the intermediate temperature of 60 • C indicate a strong influence of the relative humidity in the feed channels with liquid water again almost everywhere in the GDL when the gas in the channels is fully humidified. In brief, as regards the PNMs, the situation is the following. The PNMs of the first group have never been compared to experimental results obtained by X-ray tomography or neutron radiography. They are unable to lead to consistent results with the experiments at T = 80 • C discussed in [16]. In this respect, the PNMs of the second group are much more satisfactory. However, tests with the PNMs of the second group do not lead to satisfactory results for the fully humidified channel gas conditions. Thus, there is a need for a PNM able to simulate properly all the cases mentioned above. Since the PNM of the second group lead to fairly good results at 80 • C when the relative humidity (RH) in the channel is less than 100%, the idea was to start from this type of model. We started from the one developed by Straubhaar et al. [16]. In addition to several improvements that will be indicated below, the main point is to consider that water can enter the GDL both in vapour and liquid forms and not only in vapour form as in [16]. For this reason, this new PNM is called Mixed liquid-vapour Injection PNM (MIPNM). Here, it can be mentioned that such a mixed option as boundary condition at the GDL inlet was considered in the dynamic model presented in [19]. However, the heat transfer problem is not explicitly solved in this model and the simulations were performed in 2D only. No detailed comparisons with experimental results were presented. Although somewhat different and not exactly a PNM, the model presented in [25] can be also mentioned here since it seems that it combines both injection in liquid phase and condensation.

In this first chapter, the main numerical model developed during the PhD work is presented. It is an attempt to clarify the mechanisms leading to the occurrence of liquid water in the cathode Gas Diffusion Layer (GDL) from numerical simulations using a PNM approach. In this respect, the major objective is to propose an improved and more versatile PNM simulation tool compared to previous works. This means that the new PNM should be able to simulate a quite larger range of operating conditions than previous models. This new PNM will be validated by comparison with experimental data from the literature. The chapter is organised as follows: the model is first presented, then calibrated and finally comparisons between numerical results and experimental observations are shown.

Presentation of the MIPNM

As mentioned previously, the Mixed liquid-vapour Injection Pore Network Model (MIPNM) is an extension of the condensation pore network model (CPNM) presented in [16] to simulate the water transfer in the cathode GDL of a fuel cell operating at standard operating temperature and reactant gas relative humidity below 100%. This model was based on the assumption that water enters the GDL in vapour phase. The major new feature here is to consider that the water produced in the CL can enter the GDL both in vapour and liquid phases. The same main phenomena in the cathode GDL as for the CPNM are considered with the MIPNM: namely water vapour transport, heat transfer, liquid-vapour phase change and liquid water transport.

GDL unit cell

As sketched in Fig. 3.1, simulations are performed over a domain referred to as the GDL unit cell. It corresponds to a section of the cathode GDL located below a central rib surrounded by two half channels. Unless otherwise mentioned, the rib width is L r = 960 µm and the channel half-width is L ch = 480 µm. Spatially periodic boundary conditions are imposed along the lateral boundaries of the unit cell for each physical problem. The length of the computational domain in the y direction L y (see Fig. 3.1) is less than its width L x = L r + L ch . This allows reducing the computational time. After some tests, it was judged that L y could be reduced to 800 µm without any noticeable impact on the liquid water distribution. Unless otherwise mentioned, the GDL thickness is δ c = 200 µm and the channel depth H ch = 480 µm. Those values are representative of real GDLs. As in [16], the GDL in the unit cell is represented by a 3D regular cubic network of pores and throats. Pores and throats are referred to as the elements of the network. The network lattice spacing, which is the distance between two neighbour pores in the network, is a = 40 µm in each direction. Such a design of pore network is shown in Fig. 3.2. This leads to represent the GDL unit cell by a N x •N y •N z pore network where N x , N y and N z are the number of pores in the network in the in-plane transverse direction, the y direction and the through-plane direction respectively. Unless otherwise mentioned, N x = 48, N y = 20 and N z = 5 pores. The geometrical anisotropy of GDLs has been pointed out through several recent X-ray tomographic microscopy studies [25,26]. This anisotropy is expected to favour the liquid water invasion along through-plane oriented pathways. For the simulations, the throat sizes are randomly chosen following uniform distribution laws between d t⊥min and d t⊥max for the throats in the through-plane direction and d t//min and d t//max for the throats in the in-plane directions. The values used for d t⊥min , d t⊥max , d t//min and d t//max are given in Table 3.1. These direction dependent distributions allow taking into account the GDL anisotropy properties. Furthermore, the geometry is region dependent. Indeed, the mean pore size should decrease with the compression, e.g. [27]. This is in agreement with the work reported in [28] using X-ray computed tomography and reporting distinct distributions under the rib and under the channel. The compression of the rib leads to smaller pores. To take into account this compression effect under the rib, the throat sizes in the in-plane directions are reduced by a factor δco δuc in the compressed region, i.e. below the rib, where δ uc = 230 µm is the thickness of the uncompressed GDL under the half channels and δ co = 200 µm is the thickness of the compressed GDL under the rib. Finally, the pore sizes are set. The pore sizes are first equal to the maximum value of the size of the connected throats. Then, the pore sizes are adjusted so that the desired porosity (76%) of the GDL is imposed. 

Transport problems to be solved

Although the various transport problems are solved using the PNM techniques, we present them for convenience in compact form using "macroscopic-like" equations. The continuum and the pore network discretizations for the different problems solved are detailed in Appendix.

Vapour diffusion

For simplicity the gas phase is considered as a binary mixture of water vapour and air. Using Fick's law the problem to be solved regarding the vapour transport is expressed in compact form as:

∇ • (D * • ∇(cx v )) = 0 (3.1)
where D * is the effective diffusion tensor of the vapour and c = P ref RT bp is the mole concentration of the gas phase defined at the bipolar plate temperature T bp . Due to the GDL anisotropy and the compression under the rib, the components of the effective diffusion tensor D * are defined for every region and every direction: D * ⊥co for the compressed region in the through-plane direction, D * //co for the compressed region in the in-plane directions, D * ⊥uc for the uncompressed region in the through-plane direction and D * //uc for the uncompressed region in the in-plane directions. The values are presented in Table 3.1.

At the GDL-channel interface, the water vapour molar fraction is imposed from the relative where P vs (T bp ) is the saturation vapour partial pressure at the bipolar plate temperature T bp and RH c is the gas relative humidity. Both T bp and RH c are inputs of the model.

A zero flux condition is imposed at the GDL-rib interface.

Various boundary conditions can be applied at the GDL-CL interface since liquid, vapour or both vapour and liquid water injection conditions can be imposed. The corresponding boundary conditions are presented later. Whatever the boundary conditions at the GDL-CL interface, the total flux of water entering the GDL must be equal to:

Q = β i 2F (3.3)
where β is a parameter introduced for taking into account that only a fraction of the produced water goes to the cathode side, i is the current density which is a model input and F is the Faraday's constant (F = 96485.34 C). In every element of the network, pore or throat, that contains liquid water the local relative humidity is set to RH = 100%, meaning that the liquidvapour equilibrium is reached. Therefore, the molar fraction of water vapour in such an element is x v = P vs (T )/P ref .

The example of a water vapour molar fraction distribution in a dry cathode GDL computed at 80 • C and RH c =80% is shown in Fig. 3.3.b. 

Presentation of the MIPNM

Heat transfer

The heat transfer problem is solved in both the bipolar plate (channel and rib) and the GDL to take into account the impact of the bipolar plate geometry on the temperature field. The heat transfer problem is sketched in Fig. 3.4.a. Thermal conduction with liquid-vapour phase change is considered,

∇ • (λ th • ∇T ) = S lv (3.4)
where λ th is the local effective thermal conductivity tensor and S lv is the source term associated with the phase change. Like the effective diffusion coefficient, the thermal conductivity is different in the in-plane and the through-plane directions and in the compressed and uncompressed regions of the GDL. At the scale of the discretization mesh associated with the pore network, thermal conductivities are effective parameters for the medium made of a mixture of carbon fibres and fluid in the pores. Since the GDLs are highly porous ( ≈ 76%), the nature of the fluid phase can significantly impact the thermal conductivity because the thermal conductivity of liquid water (∼ 0.61 W•m -1 •K -1 ) is significantly larger than the one of air (

∼0.027 W•m -1 •K -1
). Compared to the thermal model developed in [16] an improvement made with the present model was to take into account the dependence of the local effective thermal conductivity on the local water saturation in the GDL. Based on the experimental results from [29], the following expression for the thermal conductivity was considered:

λ th (S) = (λ th,saturated -λ th,dry )S + λ th,dry (3.5) This model assumes that the thermal conductivity linearly increases with the saturation S.

The saturation S is the local volume fraction of the pore space occupied by liquid water. S=0 in a dry region and S=1 in a liquid fully saturated region. The values for λ th,saturated and λ th,dry are adapted from experimental results presented in [29]. The experiments in [29] allow characterizing the through-plane thermal conductivity only. A similar functional dependence with the saturation, i.e. Eq. 3.6, was assumed in the in-plane direction. For the studied GDL, this leads to consider the following expression:

λ th (S) = 0.42S + λ th,dry (3.6) 
The various values of λ th,dry for each direction and each region of the GDL are presented in Table 1.

In the rib and the half channels, the thermal conductivity is set in all the directions to λ th,rib =150 W•m -1 •K -1 and λ th,ch =0.027 W•m -1 •K -1 respectively.

The consideration of the latent heat transfer associated with the liquid-vapour phase change is another noticeable improvement of the thermal model compared to the simplified version considered in [16]. The corresponding source term S lv in Eq.3.4 is non-zero only in pores containing liquid-gas interface. It is expressed as:

S lv = h lv ṁnet (3.7)
where h lv (h lv = 41565 J•mol -1 at T = 80 • C) is the water phase change enthalpy and ṁnet (mol•m -3 •s -1 ) is the local net liquid-vapour phase change rate in the considered pore.

A fraction of the total heat Φ t generated inside the fuel cell is conducted through the cathode GDL to the bipolar plate where the temperature T bp is assumed constant:

Φ = γΦ t (3.8)
In the condensation PNM developed by Straubhaar et al. [16], it was assumed that γ=50% of the heat was going to the cathode side.

The total heat is the sum of heat generated by the exothermic electrochemical reaction at the cathode CL Φ r and the heat released by Joule effect in the membrane Φ j , e.g. [30]:

Φ t = Φ r + Φ j (3.9) Φ r = -h r i 2F (3.10) 
Φ j = U i (3.11)
where h r is the reaction enthalpy (h r = -242 kJ•mol -1 ) and U is the electrical tension which is deduced from a polarization curve adapted from [20].

The fact to take into account the latent heat source term S lv and the local dependence of the thermal conductivity with the local saturation λ th are two improvements compared to the initial condensation PNM developed by Straubhaar et al. [16]. The impact of these assumptions are discussed in Appendix.

The example of a temperature distribution in a dry cathode GDL at 80 • C is shown in Fig. 3 

Algorithm

As mentioned previously, the crucial new feature compared to previous works, i.e. [16,17], lies in the consideration of evaporation and condensation processes in the GDL together with the possibility for the water to enter the GDL in both liquid and vapour phases. The corresponding liquid water invasion/filling algorithm can be summarized as follows (see also the flow chart of the algorithm in Fig. 3.6):

Step 1 Initially, the GDL is fully dry.

Step 2 The produced water, as given by Eq.3.3, is injected in vapour phase initially. The heat and mass problem are solved to obtain the temperature and water vapour molar fraction fields. This allows determining the relative humidity in every element of the network.

Step 3 A first nucleation step is performed. This step allows determining the elements in which condensation happens. Condensation occurs in an element of the network when the relative humidity in the element is such that RH > η (with η ≥ 1). Condensation happens step by step starting in the pore of maximum RH. Nucleation condensation consists in imposing an incipient liquid volume fraction (set to 1% in all the presented simulations) and a relative humidity RH=1 in the considered element. After each nucleation -condensation step, the temperature and water vapour molar fraction fields are recomputed in the network so as to take into account the new distribution of liquid water. All the elements verifying the nucleation criterion RH > η are identified again and this step is repeated until no new dry element verifies the nucleation criterion.

Step 4 At the end of the first nucleation step all the pores located in the first layer at the GDL-CL interface are checked. Among these pores, all of them where nucleation has occurred, if any, are identified. A fraction α of these pores becomes liquid injection points. The remaining fraction (1 -α) of these pores are considered as purely gaseous with a fixed relative humidity RH=100%. The reason for randomly choosing a number of liquid injection points can be seen as a way of taking into account the impact of the MPL, which is not explicitly modelled in the present effort. It is generally considered, e.g. [31,32], that the MPL contributes to prevent the GDL water flooding by selecting preferential water pathways. For this reason, we consider that liquid water enters the GDL through a finite number of injection points (this number is denoted by N inj ) and not all over the whole interface. It is important to note that the liquid injection points are specified during this step only. No new injection points are set during the next steps of the simulation despite the possible occurrence of new nucleation sites in the first layer at the GDL-CL interface during those steps. It would be interesting to develop a more refined algorithm to explore the significance of this issue. This is left for a future work. At the end of step #4, three different kinds of boundary conditions are imposed in the pores located at the GDL inlet, corresponding to three different types of inlet pores. The pores where no nucleation was detected in step #3 are considered as gaseous. The water vapour molar flux Q given by Eq.3.3 is imposed in those pores. They are shown in grey in Fig. 3.5. The pores where nucleation has occurred but which have not been selected in step #4 as liquid injection pores are considered as gaseous with a fixed relative humidity RH=100%. They are in blue in the example shown in Fig. 3.5. In such pores, the injected water flow rate is not imposed but is computed from the computation of the water vapour molar fractions in the network. The corresponding flow rate is denoted by Q comp . The water liquid flow rate Q liqwater in each pore selected in step #4 as liquid injection point (in red in Fig. 3.5) is determined from the following mass balance assuming that the injection flow rate Q liqwater is the same in each liquid injection pore:

N inj a 2 Q liqwater = Qa 2 N x N y - (i,j)gaseous,RH<1 Qa 2 - (i,j)gaseous,RH=1
Q comp a 2 (3.12)

Step 5 Then, a second nucleation step is performed. The procedure is the same as in step #3 but is performed for the inlet boundary conditions specified in step #4.

Step 6 All the liquid clusters present in the network grow simultaneously. For a given liquid cluster no new dry element at the interface with the cluster can be invaded until all of the elements of the liquid cluster are fully saturated. If several elements at the boundary of the liquid cluster are partially saturated, the water flux entering the cluster is distributed evenly between these elements. Once all the elements of a given cluster are fully saturated, the dry boundary element with the largest equivalent diameter is selected as the next one to be invaded. After every new invasion, the temperature and water vapour molar fraction fields are updated and a nucleation step is carried out. This liquid cluster growth step continues until every liquid cluster has reached the injection-condensationevaporation equilibrium (depicted in Fig. 3.6). For a given cluster, this equilibrium means that the mass flow rate of water injected in liquid phase at the GDL inlet and entering the cluster, if any, the mass flow rate of water feeding the cluster by condensation and the mass flow rate of water leaving the cluster by evaporation are balanced. When the equilibrium is reached for each cluster, the steady-state is considered as having being reached and the procedure stops. However, if a liquid cluster reaches the top layer of pores below the half channels before equilibrium, i.e if percolation happens in the half channels, then the liquid cluster stops growing and it is assumed that all the extra water entering the liquid cluster is released in the channel. 

Calibration of the MIPNM

The idea is to calibrate the different parameters and characteristics of the newly developed MIPNM. The experimental conditions of Eller et al. [22] at standard operating temperature (80 • C) have been simulated (conditions further detailed). The liquid water distributions numerically computed are compared to the experimental data obtained by X-ray tomography in order to calibrate the model. The fraction of heat going to the cathode side γ, the fraction of water going to the cathode side β, the fraction of injection points α and the anisotropy of the pore network have been calibrated. (The calibration of α and the calibration of the anisotropy of the pore network have been conducted simultaneously but the results are presented in two distinct subsections.)

Simulation of experimental conditions at 80 • C

Eller et al. [22] have observed the liquid water distribution in fuel cells operating at standard temperature (T =80 • C) with a fixed current density i=0.75 A•cm -2 using X-Ray tomographic microscopy. They performed the experiments with 2 different values of reactant gas relative humidity (RH c = 80% and RH c =100%) and two different designs of bipolar plate (BP). For the first design of bipolar plate, referred to as the reference BP design, the ribs are as wide as the channels (L r = L ch ) while for the second design, referred to as the special BP design, the ribs are twice as wide as the channels (L r = 2L ch ). The two designs of fuel cell are shown in Fig. 3.7. Each experiments was leading to markedly different liquid water distributions in the GDL. These four experimental cases have been simulated to test the new model in order to validate it. The values of all the geometrical parameters used for the simulations are given in Table 3.2. The values of N y have been chosen to make the calculation fast after having check that it would not impact the liquid water distribution.

It is useful to consider the four different cases for the calibration of the MIPNM as they lead to highly different liquid water distributions. The liquid water distribution obtained from X-ray tomographic microscopy by Eller et al. [22] are shown in Fig. 3.8. The case with the reference BP design and RH c =80% is not shown in Fig. 3.8 as no liquid water has been observed during the experiment. It leads to the dry regime. When the BP design is changed (special one instead of reference one) at RH c =80%, liquid water can be observed only below the central rib region (see case A12 in Fig. 3.8). When RH c =100%, whatever the BP design, liquid water is observed both below the rib and the channels (see cases A13 and A03 in Fig. 3.8). The liquid water saturations are however different in these two last cases which permit to distinguish them. 

L r L ch H ch δ N x • N y • N z [µm] [µm] [µm] [µm] Reference BP

Parametrisation of the fractions of heat (γ) and water (β) going to the cathode side

The first parameters that has been calibrated are the fraction of heat going to the cathode side γ and the fraction of water going to the cathode side β. Straubhaar et al. [16] assumed that γ=0.5 of the heat and β=0.8 of the produced water would go to the cathode side of a PEMFC. Regarding β, Belgacem et al. [17] reported from unpublished results obtained at CEA Grenoble that β would typically vary in the range [0.5 -0.8]. Regarding the heat transfer,

the assumption of Straubhaar looks consistent for the simulation of a real PEMFC. However, here it is tried to simulate experiments with specially designed fuel cells (see Fig. 3.7). These experimental fuel cells referred to as "synchrotron" fuel cells are somewhat different from real fuel cells. First, they are quite small and have only a few channels (only 2 channels for the one used by Eller et al. [22]) as shown in Fig. 3.7). Furthermore, they have a special cooling system of heated gas tubes surrounding the fuel cell in order to control the fuel cell temperature. For these reasons it has appeared necessary to calibrate γ. The formation of liquid water is highly dependent of both γ and β. Therefore, it has appeared logical to calibrate these two parameters simultaneously.

The four experimental conditions of Eller et al. [22] (two reactant gas relative humidity and two designs of bipolar plates) previously described have been simulated. A parametric study on both γ and β has been performed. The idea is to define a minimal window of (β, γ) for which the numerical study would predict results in qualitative good agreements with the experimental data. Both β and γ have been varied in the range [0.10 -1.0] with an increasing step of 0.1.

Whatever the value of β and γ in the range [0.1 -1.0], no liquid water is observed for RH c =80% when the reference BP design is considered. It does not help reducing the (β, γ) window. For RH c =80% and the special BP design, if we want to observe only liquid water below the rib, it is necessary to have β in the range [0.5 -1.0] and γ in the range [0.1 -0.4]. For RH c =100%, if we want to observe liquid water both below the rib and the channels, it is necessary to reduce the fraction of heat going to the cathode side to γ=0.1 and to maintain β in the range [0.6 -1.0].

The comparison of the different windows lead to the minimal window : γ=0.1 and β in the range [0.6 -1.0]. The range obtained for β is in quite good agreement with the range defined from experimental data obtained by the CEA Grenoble [17]. It has been decided to keep β=0.8 for the simulations as in Straubhaar et al. [16]. However, it can be noted that the value obtained for γ is low compared to what is expected for real fuel cells (∼0.5). This low fraction of heat transferred to the cathode GDL can be explained as follows in relation with the special design of the synchrotron fuel cells. First, during the experiments the temperature of the fuel cell was maintained constant by heated gas tubes. It is likely that the heat produced by the fuel cell was partially extracted by these tubes and not transferred to the cathode GDL. This explains why the heat flux should be significantly reduced in the model to obtain a good agreement with the experimental observations. Furthermore, the very small synchrotron fuel cell is composed of only a few channels in a single anode-cathode assembly. In such a case, the lateral periodic conditions applied in our model might not be appropriate because of the additional heat loss on the sides. This also should contribute to explain why the heat flux directed toward the cathode must be strongly reduced in the model compared to the heat flux transferred in a standard fuel cell to obtain good agreement with the experimental water distributions.

Parametrisation of the fraction of liquid injection points α

The fraction of liquid injection points α is an input parameter for the model. Considering that the liquid injection takes place in a limited number of inlet pores can be related to the impact of the MPL which induces preferential pathways for the liquid water transport. This phenomenon can be even more marked in the presence of cracks along the through-plane direction of the MPL. It can be surmised that the number of injection points varies depending on the thickness of the MPL and/or the presence of cracks in the MPL. Even in the absence of MPL, it is quite reasonable to consider that the water produced in the CL enters the GDL only through a fraction of the pores of the GDL in contact with the CL. However, direct estimates for this parameter are not available in the literature. In the case of the pure liquid injection scenario ignoring the phase change phenomena, it has been shown that this parameter has an impact on the number of breakthrough points and thus on the number of liquid clusters forming in the network, e.g. [33]. In order to assess the impact of this parameter for the Mixed Injection Pore Network Model (MIPNM), preliminary comparisons were performed with available experimental results considering four reasonable values of α, namely 5%, 10%, 20% and 30%. The experimental results chosen to perform the calibration were the ones from Eller et al. [22] (T bp =80 • C, i=0.75 A•cm -2 , RH c =100%, reference BP design) shown in Fig. 3.8 (case A03). The calibration was performed from the computation of the saturation profiles (in-plane, through-plane under the rib and through-plane under the channel; in a given domain, i.e. a slice, the saturation is the volume fraction of the pore space occupied by liquid water). The simulations led to trends in the saturation profiles in qualitative agreement with the experimental data for the four considered values of α. As illustrated in Fig. 3.9.a, the impact of α on the through-plane saturation profile is mostly on the saturation at the GDL inlet. Also, as illustrated in Fig. 3.9.b, increasing α mostly increases the saturation in the region below the channels. Varying the liquid injection point fraction α enables one to match the through-plane saturation values at the bottom and top layers of pores in the different regions. A too low value of α like 5% or 10% leads to too low in-plane saturation levels under the channel and too low through-plane saturation in the first layer of pores compared to the experimental results [22]. As illustrated in Fig. 3.10, choosing α = 20% leads to a fair match with the experimental data. For this value, the agreement between experimental results and numerical predictions is good. Not only the trends are the same but the saturation levels in the different regions also agree. The through-plane saturation profiles are depicted in Fig. 3.11. They are in quite reasonable agreement with the liquid water distribution shown in [22] as colour map (shown in Fig. 3.11.d). The saturation increases in the region under the rib from the GDL inlet up to a maximum value close to the rib while the saturation decreases in the region under the channel to reach values close to 0 at the interface with the gas channel. ) compared to the experimental data available in [22] (Case A03 in this Ref:

T bp = 80 • C, i = 0.75 A•cm -2 , RH c = 100%
). The transverse coordinate x is made dimensionless using the total width of GDL unit cell.

Parametrisation of the network anisotropy

The chosen moderately anisotropic pore network structure is also a feature that can be discussed. Although it is known that GDLs are anisotropic fibrous materials, it is not so obvious to specify the throat size distributions in the through-plane and in-plane directions of the network. The experimental results available in the literature do not make a distinction between the through-plane and in-plane directions, nor actually between pore sizes and throat sizes. In order to check that the chosen structure was acceptable, simulations were performed with the MIPNM and α = 20% changing the anisotropy of the network. In addition to the network described in Section 3.2.1 and used for the simulations presented in Section 3.3.3, referred to as moderately anisotropic, simulations were also performed with a highly anisotropic pore network structure and an isotropic one. The throat size distributions of the networks are shown in Fig. 3.12. Note that anisotropy here refers only to the throat size distributions (TSD) in the through-plane and in-plane directions (the properties indicated in Table 3.1 were not modified). Thus isotropic means the same TSD in the three directions of the network whereas highly anisotropic means no overlap between the in-plane TSD and through-plane TSD. These simulations have indicated that the structure defined in Section 3.2.1 was appropriate. Indeed, the degree of anisotropy of the GDL has a significant impact on the liquid water distribution in the different regions of the GDL, namely below the rib and below the channel. A valuable indicator in this respect to specify the most appropriate structure is the ratio between the mean saturation under the channel and the mean saturation under the rib. For almost isotropic structures this ratio tends toward 1 while it tends towards 0.2 for the most anisotropic structure simulated. According to the experimental data available in [22], this ratio ranges from 0.3 to 0.4 for the operating conditions considered. The simulations made with MIPNM for the moderately anisotropic structure lead to a ratio of 0.31. Thus in what follows, the moderately anisotropic network is used and α = 20% unless otherwise mentioned. 

Comparison between the different models and experimental results

As indicated in the introduction, two main kinds of PNM have been used so far to simulate the filling of the cathode GDL pore space by liquid water. The first one, referred to as LIPNM, is based on the assumption that water enters the cathode GDL in liquid form under isothermal conditions without consideration of liquid-vapour phase change phenomena. The second one, referred to as CPNM, assumes that the water generated by electrochemical reaction enters the GDL in vapour phase and diffuses within the pore network as the result of the vapour molar fraction difference between the GDL inlet and the bipolar plate channels. The pore filling by liquid water, if any, is by condensation of the vapour. The third option is the mixed scenario presented in the present chapter (MIPNM). In the latter, water can enter the GDL in vapour phase but also in liquid phase in a finite number of injection points depending on the conditions at the GDL inlet. In this section, two quite distinct operating conditions are first considered so as to compare the results obtained with the three models with a focus on the fully humidified conditions in the channel (RH c =100%). The first one corresponds to a relatively low operating temperature (∼40 • C) whereas the second corresponds to a standard operating temperature (∼80 • C). Then the case of an intermediate operating temperature (∼60 • C) is considered using the MIPNM.

In what follows, in agreement with the calibration of the model for the simulation of "synchrotron" experiments, if not mentioned, the fraction of liquid injection point is fixed to α=20%, the heat is reduced to γ ≈ 10% and a moderately anisotropic geometry is generated.

Low operating temperatures (∼40 • C)

The low temperature case corresponding to the conditions imposed by Eller et al. [23] in their low temperature X-ray tomography experiment (T bp = 40 • C, i = 0.5 A•cm -2 , RH c = 100%) is illustrated in Fig. 3.13. This case is characterized by the presence of liquid water both below the rib and below the channel. As can be seen, both the LIPNM and MIPNM lead to a liquid water distribution qualitatively similar to the experimental one. However, the mean saturation level is different between the two models. The saturation in the overall GDL S, in the region below the rib S rib and in the region below the channel S ch are reported in Table 3.3. The pure liquid injection model predicts higher saturation levels, especially under the rib. This difference can be explained by the fact that the water condensation in the GDL right under the rib predicted by the MIPNM helps the different liquid injection clusters to quickly form a unique cluster under the rib before invading other network elements, i.e. pores or throats. Furthermore, injection-condensation-evaporation equilibrium is reached in some liquid clusters located under the channel region before breakthrough. This phenomenon contributes to reduce the saturation in this region compared to the prediction of the LIPNM ignoring the liquidvapour phase change phenomena. Globally, in terms of saturation levels, the simulation with the MIPNM gives results in better agreement with the experimental data than the LIPNM. Also, it can be noted in the liquid water distribution provided by Eller et al. [23] (top view in Fig. 3.13) that some liquid clusters are not connected to the inlet or to the channel. This feature is not possible with the LIPNM. Therefore, we conclude that the mixed liquid-vapour injection model (MIPNM) looks in better agreement with the experimental observations from Eller et al. [23]. We have not shown for this case the distribution obtained with the CPNM. The latter actually predicts that the first slice of pores at the inlet is fully saturated. This is not consistent since this would fully block the oxygen access to the CL and different from the experimental visualisation (top view in Fig. 3.13), which clearly suggests that the first slice of pores is only partially saturated, especially below the channel, as also predicted with the MIPNM.
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Standard operating temperatures (∼80 • C)

The second operating conditions that have been simulated are the one corresponding to Eller et al. experiments [22] at standard operating temperature (T bp = 80 • C, i = 0.75 A•cm -2 ). As illustrated in Fig. 3.14, note that in this particular experiment the rib is twice as large as the channel. This has been taken into account in the simulations. We first consider the case where the channel gas is not fully humidified (RH c = 80%). The experimental distribution of liquid water is shown in Fig. 3.14 together with the distributions predicted by the various models.

As for the distributions discussed in [16], the experimental distribution is characterized in this case by a strong separation between the channel and the rib. This means that liquid water is present only in the region of the GDL below the rib with no liquid water below the channels.

In accordance with the simulations presented in [16], the condensation PNM (CPNM) well captures the separation effect. Interestingly, as depicted in Fig. 3.14, the mixed injection model also leads to a strong separation effect as in the experiment. However, the liquid water is a bit less confined below the central region of the rib than with the CPNM. This is a consequence of the fact that some water is injected in liquid phase at the inlet with the MIPNM. The MIPNM liquid water distribution seems to be in a better agreement with the experimental distribution than the one obtained with the CPNM. It is clear from Fig. 3.14 that the pure liquid injection model (LIPNM) is totally inappropriate for these operating conditions. Quantitatively, both the CPNM and the MIPNM overestimate the saturation levels in the region below the rib as reported in Table 3.4.

Liquid water distributions when the gas in the channels is fully humidified (RH c = 100%) for this operating temperature (80 • C) are shown in Fig. 3.15. As can be seen, the liquid water distribution obtained in the experiment presented in [22] for this case is characterized by the presence of liquid water both in the region of the GDL below the rib and also below the channels. This distribution is therefore markedly different from the one observed for RH c = 80% (Fig. 3.14). The pure LIPNM looks inappropriate for these conditions since the fraction of liquid pores looks noticeably higher than in the experiment. The CPNM leads to worse results.

It predicts a strong separation effect between rib and channel except over the first layer of pores which is completely flooded. This is clearly not consistent with the experimental distribution.

The best results are clearly obtained using the MIPNM. The liquid water saturation levels reported in Table 3.4 and the through-plane saturation profiles shown in Fig. 3.10 show the good agreement between the MIPNM results and the experimental data. This model predicts the presence of condensed water right under the rib, the presence of liquid injected water under the channel region and no flooding of the GDL. For this second case also, the new model is the more relevant to predict what happens during the experiments.

Then the MIPNM model was tested as regards the impact of the rib width/channel width ratio. This ratio is one for the reference case (rib width equal to channel width). Interestingly, experimental visualisations of the liquid water distributions are presented in Eller et al. [22] for the standard case where the ratio is one but also for a ratio of 2 (rib width twice as large as channel width), referred to as the special BP design. The numerical distributions are depicted in Fig. 3.16. They are in good agreement with the experimental results [22] (see Fig. 

Intermediate operating temperatures (∼60 • C)

In situ observations of liquid water distribution in fuel cells operating at an intermediate temperature of 60 • C have been presented in [24,34]. The current density was 1.5 A•cm -2 in the experiments reported in [24] while the experiments in [34] were at the limiting current density, close to 2.5 A•cm -2 . Another difference lies in the bipolar plate design. The channel width was 0.2 mm in [24], which is very narrow, while this width was 0.5 mm in [34]. Considering the respective geometry of both cases leads to a network of 24 • 20 • 4 pores for the configuration of [34] and to a network of 10 • 10 • 5 pores for the configuration studied in [24].

The same calibration work as for Eller et al. [22] data has been performed for the experimental case RH c = 100% from [34]. A value of α = 10% gives saturation levels at the GDL-MPL interface in reasonable agreement with the experimental results (Fig. 3.18). The liquid distribution computed with the MIPNM for those conditions is shown in Fig. 3.17. The computed through-plane saturation profiles are depicted in Fig. 3.18. First, under the rib region, the mean saturation increases from the GDL inlet up to a maximal value under the rib where the GDL is almost flooded. Secondly, in the region under the channel, the saturation increases from the GDL inlet to the second layer of pores and then decreases up to the channel. The saturation levels are in reasonable agreement with the experimental ones for the region under the channel. However, the numerical values are too high under the rib.

In the experiments in [24], the reactant gas relative humidity was varied in the range [25%, 50%, 75%, 100%]. All these relative humidity conditions have been simulated. Results are illustrated in Fig. 3.19. The MIPNM predicts a global evolution of the liquid water distribution with reactant gas relative humidity in good agreement with the experimental results from [24].

For low relative humidity conditions, meaning 25% and 50%, it is found that the cathode GDL remains dry. Chevalier et al. [24] reported that the GDL also remained dry at RH c = 25% but a small amount of liquid water could be found at RH c = 50%, mainly at the interface with the MPL. For higher relative humidities, the simulations predicted the presence of liquid water in agreement with the experiment. As illustrated in Fig. 3.20, applying a density of liquid injection points α equal to 20% leads to a mean saturation level in the first layer of pores agreeing with the experimental one estimated in [24] at RH c = 75%. Finally at RH c = 100%, the model predicts the formation of liquid water in the GDL by condensation in the pores close to the rib and by liquid injection at the GDL-MPL interface. This leads to higher saturation levels compared to the ones obtained at RH c = 75%. Setting α to 60% permits to obtain the desired level of water saturation at the GLD-MPL interface for this case (Fig. 3.20). However, as illustrated in Fig. 3.20, the simulation does not predict exactly the same water saturation profile in the through-plane direction. Indeed, while Chevalier et al. [24] reported a continuous decrease from the GDL inlet up to very low values at the GDL-BP interface, our model predicts a less drastic decrease in the first layers of pores followed by an increase in the last layer of pores where water is formed by condensation.

Discussions

The conclusion is therefore that the mixed injection model (MIPNM) leads to results in good agreement, at least qualitatively, with experimental observations for all the operating conditions considered. Compared to previous models, it is able to predict consistent liquid distributions for a large range of operating conditions: low, intermediate and standard operating temperature, ).

and gas in the feeding channel with a relatively humidity less than 100%. Furthermore, it leads to results more consistent with the experiment than the LIPNM at low temperature. However, the comparison with the liquid experimental distribution at 60 • C was a bit less good. Nevertheless many important trends were well reproduced by the model also for this operating temperature.

Several explanations can be proposed as regards some of the discrepancies observed between the model and the experiments:

• Uncertainties are necessarily associated with the type of experiments leading to the results discussed in Section 3.4. The discrepancies might be due in part to experimental artefacts. The results presented in [24] or [34] also suggest that the porosity significantly varies over the GDL thickness. This feature has not been taken into account in our simulations.

• It should be pointed out that a special design of bipolar plate with a rib width of only 200 µm was used in [24]. This leads to only 5 pores over the rib width in our model since we kept the lattice spacing unchanged (40 µm) in all the simulations. So perhaps, works should be performed for defining the pore network model properties so as to be more representative of the particular fuel cells used in [24].

• It is known that the current density is actually not uniform at the GDL inlet and can be significantly less below the rib, e.g. [35]. This effect is not taken into account in our simulations. This might explain the greater saturation obtained under the rib in the simulations for the case illustrated in Fig. 3.18. The occurrence of condensation is strongly dependent on the heat transfer. Thus, in addition to the possible non uniform inlet current density condition at the GDL, the heat and mass transfer properties used in the simulations are perhaps not sufficiently representative of the experimental situation considered in [24].

• It can be noted that our model does not explicitly consider the presence of a MPL.

Regarding the experiments, a MPL was present in the experiments discussed in Sections 3.3.3, 3.4.2 and 3.4.3 but not in the experiment discussed in Section 3.4.1. In this respect, it would be interesting to consider explicitly the MPL in the modelling. The MIPNM as well as the LIPNM involves the input parameter α (fraction of liquid injection pores at the GDL inlet). For the moment, this is essentially a calibration/fitting parameter. It would be interesting to develop experimental and/or numerical works aiming at characterizing this parameter. One option to specify this parameter and to study the influence of various factors (current density, relative humidity, temperature...) on its value could be to develop a much more comprehensive model coupling the present model with models describing the transfers in the other layers (MPL, CL, membrane, etc.).

Conclusions

We have studied the water transfer on the cathode side of a PEM fuel cell from pore network simulations. To this end, we have developed a new PNM, referred to as the Mixed Injection Pore Network Model (MIPNM), combining injection in liquid phase into the GDL through a fraction of inlet pores and liquid phase change phenomena (evaporation-condensation). This model reconciles the previous PNMs since it is able to simulate both the situations where liquid injection is an important feature and the situations where pore filling by liquid water is only due to condensation. The model is also able to simulate the conditions when gas in the channel is fully humidified where both the liquid injection in liquid phase and the condensation process must be taken into account together.

Comparisons with liquid water distributions presented in the literature are quite encouraging and indicate that the MIPNM is able to simulate a quite large range of operating conditions. This model could be used for the simulation of a wide range of operating conditions in order to identify the different regimes of liquid water formation and transport in the cathode GDL. This work is presented in the next chapter.

This model can be extended in various directions. As in [17], it would be interesting to couple it with the oxygen transport and the electronic transfer. The impact of potential pressure gradient between the two half channels could also be considered. Furthermore, coupling with the transfers in the other layers, including the anode side, would be interesting in the prospect of understanding in more depth the water transfers in PEM fuel cells. In particular, the simulation of the water transport in the adjacent MPL would be interesting but it has not been explored in this PhD work. However, the impact of the anode operating conditions are presented in the last part of this manuscript. 

Appendix

Discretisation of the equations

The heat problem is solved using a continuum approach. The vapour diffusion problem can be solved using a continuum approach or a pore network approach. Most of the time the continuum approach has been used for the resolution of the vapour diffusion problem. Equations 3.1 for the vapour diffusion problem and 3.4 for the heat problem are quite similar and both look like a diffusion equation. Therefore, the discretized formulation of these two transfer phenomena will be similar. Furthermore, the continuum approach and the pore network approach are quite similar in terms of formulation for a diffusion-like equation.

At each node i of the network, the conservation is expressed as

connected nodes k j i,k = 0 (3.13)
where j i,k is the flux between nodes i and k.

For the continuum approach a node corresponds to a node of the grid of calculation while for the pore network approach a node is a pore of the network.

The flux between nodes i and k can also be expressed as:

j i,k = g i,k (X k -X i ) (3.14)
where g i,k is the conductance between nodes i and k and X represents the variable associated to the transfer problem.

The conductance g i,k can be expressed as:

g i,k = G i,k S i,k L i,k (3.15) 
where S i,k is the cross-section surface, L i,k is the length between nodes i and k and G i,k is the "conductivity".

For each problem and each formulation, the discretisation parameters X, G i,k , S i,k and L i,k are defined in Table 3.5.

X G i,k S i,k L i,k Vapour diffusion x v cD d i,k 2 a pore network approach Vapour diffusion x v cD * a 2 a continuum approach
Vapour diffusion T λ i,k a 2 a continuum approach Table 3.5: Discretisation parameters for each problem solved and each approach considered.

x v is the vapour molar fraction. c = P ref RT ref is the mole concentration of the gas phase. D is the diffusion coefficient while D * is the effective diffusion coefficient. D * is defined for each direction and each region of the GDL.

T is the temperature. λ i,k is the local thermal conductivity which is direction dependent, region dependent and local saturation dependent. d i,k is the diameter of the link connecting nodes i and k. a is the lattice spacing of the network.

For both the pore network approach and the continuum approach, it is quite common to define the conductance g i,k as the harmonic average of the conductances of the link between the two nodes and the conductances of each half node [17]. This formulation has not been implemented in this model. The fact that the node sizes are close to the size of the connecting link has invited us to only take into account the size of the connecting link to define the conductance.

Improvement of the heat transfer problem

We recall that two noticeable modifications were introduced compared to the heat transfer model presented in the condensation PNM of Straubhaar et al. [16]. As for the PNM described in [18], the latent heat transfer associated with the liquid-vapour phase change is taken into account in pores where phase change occurs. Condensation releases heat while evaporation induces some local cooling. The second modification lies in the dependence of the local thermal conductivity with saturation. So far, this feature had never been implemented in GDL PNMs. The impact of the two modifications was studied separately as well as together for different operating conditions. Two operating conditions have been simulated: one at low operating temperature (T bp =40 • C, i=0.5 A•cm -2 , RH c =100%) and one at high temperature (T bp =80 • C, i=0.75 A•cm -2 , RH c =100%). These two operating conditions have been simulated for two different values of fraction of heat going to the cathode side γ: 0.1 (reduced heat) and 0.5 (basic assumption). The in-plane saturation profiles in the overall GDL unit cell and the throughplane saturation profiles in the region below the rib and in the region below the channel for all the simulations computed are plotted in Fig. 3.21.

When the heat flux is reduced (γ=10%) and the temperature is low (T bp =40 • C), the introduced modifications, separately or together, have no significant impact on the liquid water distribution compared to the simulation made without considering these two effects (see the saturations plotted in the first row in Fig. 3.21). By contrast, the simulation of high temperature (T bp =80 • C) with reduced heat (γ=10%), leads to a reverse conclusion. Indeed, the obtained liquid water distributions depend on the heat transfer model assumptions (see the second row of saturation profiles in Fig. 3.21). In the region located below the channel, the consideration of both improvements leads to an increase of the water saturation. This can be explained by the fact that the region is colder both because of the higher conductivity due to the liquid water presence and the cooling effect due to evaporation. The slightly lower temperatures in this region favour the growth of liquid clusters. Conversely, in the region below the rib where clusters are initially formed by condensation, the warming effect due to condensation contributes to reduce the water saturation.

When the heat flux is not reduced (γ=50%), the impact of the introduced modifications of the heat transfer problem are significant at both low and high temperature. The liquid water distribution is significantly impacted by the assumptions made for the resolution of the heat transfer problem, especially in the region below the rib (see the two last rows of water saturation profiles in Fig. 3.21). The fact to take into account the dependence of the local thermal conductivity with the local saturation leads to the presence of more liquid water in all the regions of the GDL (compare red plots with black and green plots in Fig. 3.21). However, the impact of the latent heat source term on the liquid water distribution is comparatively smaller than the one due to the thermal conductivity saturation dependence (compare blue and red plots in Fig. 3.21).

It can be concluded that the above mentioned modifications have a non-negligible impact and should be systematically incorporated in the modelling of transfers in GDL under in-situ conditions. Figure 3.21: In-plane saturation profiles (1st column), through-plane saturation profiles in the region below the rib (2nd column) and below the channel (3rd column) for different operating conditions and different assumptions for the resolution of the heat transfer problem.

Introduction

In the previous chapter (#3), the Mixed liquid-vapour Injection Pore Network Model has been presented. The simulation of experimental conditions for various operating temperatures has permitted to validate the ability of the MIPNM to predict, at least qualitatively, the liquid water formation and transport for a large range of operating conditions. The MIPNM assumes that the water produced at the cathode CL can enter the cathode GDL in both liquid and vapour phase. Therefore it could permit to simulate the following different water formation and transfer regimes:

• In the first regime, the occurrence of liquid water in the cathode GDL is only due to the direct injection of liquid water at the GDL-CL interface. It is referred to as pure liquid injection regime (see Fig. In the first case, the GDL remains dry and all the produced water is transferred in vapour phase. This regime is expected for a sufficiently low current density and/or a sufficiently low relative humidity in the channel. In the second case, condensation happens and some pores are filled with liquid water in the region under the rib. This regime is expected for a sufficiently high current density and/or a sufficiently high relative humidity in the channel. This study has been performed for two types of fuel cells. The first type is a "synchrotron" FC. This type of FC has been introduced in the previous chapter where in-situ experimental observations were compared to simulations. As explained in that chapter, it has been necessary to reduce the fraction of heat transferred through the FC to get results in good agreements with the experimental observations. This assumption can be explained by the fact that the experimental FCs are really small and that heat tubes surround the FC to control its temperature. We can therefore make the assumption that a part of the heat released by the exothermic reaction is directly captured by the external tubes. In the considered work, the fraction of heat going to the cathode side γ is reduced to 0.1. This value had been obtained during the calibration of the model. The second type of FC considered in this study is a "real" FC. It is assumed that all the heat released by the reaction is transferred through the FC in this case.

It is assumed that half of the heat is going to the cathode side (γ=0.5).

The chapter is organised as follows: the regime diagrams of the two types of FCs are first compared. Then, all the different water formation regimes identified are discussed.

3D regime diagrams of the two fuel cells

The 3D regime diagram and some computed liquid water distributions are shown in Fig. 4.3 for the "synchrotron" FC and in Fig. 4.4 for the "real" FC.

In both cases, the regime diagrams reveal two main regimes: the dry regime (grey boxes in Fig. 4.3 and Fig. 4.4) and the wet regime:

• In the dry regime, all the produced water going to the cathode side can be transferred through the cathode GDL in vapour phase and the GDL remains totally dry. All these cases are shown with grey boxes in the 3D diagrams in Fig. 4.3 and Fig. 4.4. The operating conditions leading to this regime are obviously good in terms of water management as no liquid water prevent the diffusion of the reactant gas in all the pores of the GDL, assuming here, however, that the membrane is well hydrated.

• In the wet regime, the GDL contains liquid water. It can be seen in the different liquid water distributions shown in Fig. 4.3 and Fig. 4.4 that the water distribution can differ significantly from one operating condition to another. Actually different sub-regimes have been identified depending on the phenomena responsible for the presence of liquid water in the GDL. There are 3 different regimes of liquid water formation: the liquid injection regime (operating conditions represented by yellow boxes), the condensation regime (operating conditions represented by orange boxes) and the mixed regime (operating conditions represented by blue boxes). It can be noticed that not all the wet sub-regimes are met for the "real" FC. Each sub-regime is discussed in the next section.

For both GDLs, the dry regime is met for sufficiently high temperatures T and or sufficiently low reactant gas relative humidities at the cathode RH c . It is interesting to note that for both FCs no (T ,i) pair leads to the dry regime when the reactant gas is fully humidified, i.e RH c =100%. By comparing the two 3D regime diagrams, it can be seen that there are more operating conditions leading to the wet regime for the "synchrotron" FC. The dry/wet regime interface is at higher temperatures with the "synchrotron" FCs. This results appears coherent as the temperature gradient in the FC is lower when the heat flux going to the cathode side is reduced which correspond to the "synchrotron" FCs. Lower temperatures favour the occurrence of liquid water by condensation.

It is interesting to notice that the wet sub-regime can differ for a given operating condition (T bp , i, RH c ) depending on the type of FC. In particular, a lot of operating conditions leading to the mixed regime for a "synchrotron" FC lead to a condensation regime for a "real" FC. The computed liquid water distributions are consequently highly different for the two types of FCs for such operating conditions. We can focus on the liquid water distributions for (T bp =80 • C, i=1 A•cm -2 , RH c =100%) for instance. With a "synchrotron" FC, liquid water is observed both below the rib and below the channel, while there is liquid water only below the central rib with the "real" FC.

Finally, for a given operating condition, the liquid water distribution can differ significantly from a FC type to another even if the model predicts the same wet sub-regime. This statement can be highlighted by the operating conditions ( 

T bp =40 • C, i=1 A•cm -2 , RH c =60%) for instance.

The different identified water formation sub-regimes

3D diagrams of the overall saturation in the entire GDL S, the saturation in the region below the rib S rib and the saturation in the region below the channel S ch are plotted in Fig. 4.5 for the "synchrotron" FC and in Fig. 4.6 for the "real" FC. It is not so easy to directly comment these saturation diagrams. At least it appears clearly that S ch increases with RH c for both FCs. However, it is more complicated to define a global trend for S rib as the change in S rib can be quite significant between two neighbour cases. These results will be discussed below in more details for each liquid water formation scenarios.

The liquid injection sub-regime

In the first wet sub-regime (operating conditions represented by yellow boxes in the 3D regime diagrams), the presence of liquid water is only due to the injection of liquid water at the chosen injection points of the inlet of the GDL. This sub-regime is referred to as the liquid injection regime. This sub-regime is only met when considering "synchrotron" FCs operating at low temperatures (≤ 50 • C).

For low RH c , the liquid injection points are only present on a thin central strip below the rib (see the liquid water distributions shown in Fig. 4.

3 for (T bp =30 • C, i=0.5 A•cm -2 , RH c =0%)).
The different liquid water clusters formed by the liquid injection points remain below the rib and reach injection-condensation-evaporation equilibrium before breakthrough at the GDL-channel interface. The in-plane saturation profile of the saturation in the rib region for the operating conditions given above is plotted in red in Fig. 4.7. It can be checked that the saturation strongly decreases from the GDL-CL interface to the GDL-rib interface. This leads to very low saturation levels: S rib =0.05 for this special operating conditions (see Fig. 4.5).

For higher RH c , the strip of injection points at the inlet of the GDL is larger but remains below the rib. The liquid clusters keep growing and manage to reach the top layer of pores as it can be seen from the through-plane profile plotted in black in Fig. 4.7. It leads to higher saturation levels. We can look at the liquid water distribution shown in Fig. 4.3 for the conditions (T bp =30 • C, i=0.25 A•cm -2 , RH c =60%) for which S rib =0.41 for instance.

Globally, the liquid injection regime is met for only a few cases. For all these cases, liquid water is observed only in the GDL region below the rib. Depending on the cases, this region varies from almost dry regime with very low S rib to pretty much wet conditions with saturation reaching S rib =0.41. 

The condensation sub-regime

In the second wet sub-regime (operating conditions represented by orange boxes in the 3D regime diagrams), the condensation scenario applies: there is no liquid injection points at the of the GDL, i.e below the rib. It is referred to as the condensation regime. This sub-regime is met for the two types of FCs.

For the "synchrotron" FC, this sub-regime is met for sufficiently high operating temperatures (≥ 70 • C), sufficiently high current densities (≥ 1.25A•cm -2 ) and sufficiently high RH c (≥ 60%). Reversely, for "real" FCs, the condensation sub-regime can be met for low temperatures and or low RH c (see

(T bp =40 • C, i=1 A•cm -2 , RH c =0%) in Fig.4.4 for instance).
For these cases, the condensed pores in the top layer below the rib form a unique liquid water cluster. This liquid water cluster grows. It preferentially invades pores following the throughplane direction because of the anisotropy of the GDL and the compression effect below the rib. For some cases the unique liquid water cluster reaches the equilibrium quickly and only the first layers of central pores contain liquid water. This is what happens for the cases (

T bp =70 • C, i=1.25 A•cm -2 , RH c =60%) for a "synchrotron" FC and (T bp =80 • C, i=1.25 A•cm -2 , RH c =80%)
for a "real" FC. It can be checked on the liquid water distributions in Fig. 4.3 and Fig. 4.4 or in the in-plane and through-plane saturation profiles plotted in Fig. 4.8 that only the first top layers of pores below the rib are invaded for these cases. These cases lead to low water saturation levels: S rib =0.05 for a "synchrotron" FC operating at (

T bp =70 • C, i=1.25 A•cm -2 , RH c =60%).
For some other cases, typically at higher RH c , the unique liquid cluster keeps growing until it reaches the GDL-CL interface without any breakthrough in the channel. This is what happens at 

(T bp =80 • C, i=1.25 A•cm -2 , RH c =80%) for a "synchrotron" FC or at (T bp =80 • C, i=1 A•cm -2 , RH c =100%)

The mixed sub-regime

In the last scenario (operating conditions represented by blue boxes in the 3D regime diagrams), the presence of liquid water is due to both the direct injection of liquid water at the inlet of the GDL and the condensation of water vapour in the coldest region of the GDL, i.e below the rib. It is called the mixed regime.

For the "synchrotron" FC, most of the wet cases correspond to this regime. Only at the interface between the dry and wet regime, one can meet operating conditions leading to the liquid injection regime or to the condensation regime. For both types of FC, the mixed regime can be met at low RH c if the temperature is sufficiently low. When RH c increases, the mixed regime can be met for higher temperatures. For the "synchrotron" FC, all the operating conditions simulated at RH c =100% lead to the mixed regime. This is a significant change compared with the "real" FC for which the condensation regime replaces the mixed regime at RH c =100% and temperatures sufficiently high (≥ 70 • C).

The initially condensed pores are located in the top layer below the rib. In some cases, typically at low RH c , the liquid injection points are located only below the rib (see the liquid water distributions (T bp =40 • C, i=1 A•cm -2 , RH c =0%) in Fig. 4.3 for the "synchrotron" FC or ). Therefore, in some cases only the rib region will contain water while all the regions will contain water for some other conditions.

(T bp =40 • C, i=1 A•cm -2 , RH c =40%) in
Due to the anisotropy of the GDL and the compression effect, the clusters formed at the injection points below the rib preferentially invades upper pores and finally reach the top liquid water cluster formed by condensation. As shown in the through-plane saturation profiles for the region below the rib in Fig. 4.9.b (see the dashed red line) it is typical for cases leading to the mixed regime that the saturation is minimum in the central layers of pores where the different clusters meet. Below the channel, the liquid clusters grow but most of them quickly reach equilibrium before breakthrough at the GDL-channel interface. The through-plane saturation profiles in this region decrease from the GDL-CL interface until the GDL-channel interface as shown in Fig. 4.9.c. Globally, it leads to higher saturation levels in the region below the rib than in the region below te channel (see Fig. 4.5). For a "synchrotron" FC, the maximal saturation in the region below the channel is [START_REF] Yin | Numerical simulation of two-phase cross flow in microstructure of gas diffusion layer with variable contact angle[END_REF] for the saturation in the region below the rib (

S ch =0.19 (T bp =50 • C, i=0.75 A•cm -2 , RH c =80%) while it is S rib =0.
T bp =30 • C, i=1.5 A•cm -2 , RH c =60%).
Similarly, for a "real" FC, the maximal saturation in the region below the channel is 

S ch =0.20 (T bp =30 • C, i=1.5 A•cm -2 , RH c =40%) while it is S rib =0.

Conclusion

This study has permitted to split the dry regime for which the GDL remains dry from the wet regime for which the GDL contains liquid water. Different liquid water formation subregimes have been identified in the wet regime depending on the phenomena responsible for the occurrence of liquid water. Three sub-regimes have been identified: the liquid injection sub-regime for which the occurrence of liquid water is only the result of direct liquid injection at the GDL-CL interface, the condensation sub-regime for which liquid water is only formed by the condensation of water vapour and finally the mixed sub-regime for which the occurrence of liquid water in the GDL is the result of both liquid water injection and condensation of water vapour.

The different sub-regimes have been discussed. It has been shown that the liquid water distribution can differ quite significantly between two operating conditions (T bp ,i,RH c ) leading to the same sub-regime. What is more, the diagrams of saturation shown for each FC in Fig. 4.5 and Fig. 4.6 show that the saturation can differ quite noticeably between two neighbour operating conditions. This result highlights the usefulness of the MIPNM which permits to simulate the liquid water distribution for the desired operating conditions.

Two types of FC were simulated: "synchrotron" FC with reduced heat flux and "real" FC without reduction of the heat flux transferred to the cathode. The operating conditions marking the separtion between the dry and wet regimes are almost the same for the two types of FC. However, the 3D regime diagrams are quite different as the wet sub-regimes differ often for a given operating condition (T bp ,i,RH c ) depending on the type of FC considered. This change impacts significantly the liquid water distributions. It can be concluded that the consideration of the heat transfer problem in the GDL has a great impact on the liquid water formation. This result invites us to consider that there could be significant differences between what is observed in experimental "synchrotron" FCs and what really happens in real FCs.

Furthermore, the prediction of condensation sub-regimes for cases at low temperatures with a "real" FC supports the idea that the pure liquid injection without phase change pore network model (LIPNM) is really not consistent for all the operating conditions at low temperature.

It can be concluded that phase change phenomena have an impact that cannot be neglected whatever the operating conditions considered.

The MIPNM appears as a powerful tool to delineate the dry regime from the wet regime. Therefore it permits to predict all the operating conditions for which the water management will not be an issue as far as the GDL is concerned, i.e the conditions leading to the dry regime.

Part II

Part 2: Impact of the hydrophobic treatment of gas diffusion layers Chapter 5

Impact of the non-uniform wettability of the cathode gas diffusion layer of PEM Fuel Cells 

Introduction

Water management and performance degradation are two major issues for the improvement of PEMFCs [1]. In this context, the GDL is a key component regarding the gas access to the CL and the removal of the water produced as the result of the electrochemical reaction [2]. GDLs are typically composed of two distinct layers, a substrate of graphitized carbon fibres and a MPL coated onto one side. In this chapter, we are interested in the substrate. Thus, GDL in what follows only refers to the substrate. Without treatment, the graphitized carbon fibres are hydrophilic with a static contact angle on the order of 80 • [3]. GDLs are generally rendered hydrophobic by applying a polytetrafluoroethylene (PTFE) coating. The most commonly used technology [4,5] is to perform the coating by GDL immersion in an emulsion containing the hydrophobic agent, drying, and sintering at 350 • C. The contact angle on a PTFE flat surface is expected to be on the order of 110 • [6]. However, it is difficult to obtain a homogeneous coating and it has been reported that the content in PTFE was often greater near the surfaces than in the interior of the GDL [7,8]. However, this depends on the drying conditions and more uniform distributions are also possible [8,9]. It was reported in Ref. [10] that a more uniform distribution leads to better performance. In addition, loss of PTFE during mechanical compression cycles [11][12][13] or due to other degradation mechanisms [14][15][16][17][18] modifies the PTFE distribution and the GDL wettability properties. For this reason, the GDL is often considered as a system of mixed wettability rather than a purely hydrophobic fibrous medium with various possible distributions of the hydrophilic and hydrophobic pores within the GDL pore space.

Various numerical studies have been developed in order to explore the impact of GDL wettability on the water transfer. In Ref. [6], it was shown that liquid water injected slowly at the inlet of a hydrophobic porous layer leads to capillary fingering whereas a compact invasion pattern is obtained when the medium is hydrophilic. Capillary fingering leaves many pores free of liquid and thus is more favourable for maintaining a good gas access whereas a compact regime is much more detrimental in this respect. The case of a mixed wettability was first explored in Ref. [19].

The existence of an optimum hydrophilic fraction for the reduction of the mass transport losses was highlighted. The impact of the fraction of hydrophilic elements on the capillary pressure curves, relative permeability and effective diffusion coefficient was studied in Ref. [20]. It was shown that the impact is significant only for fractions of hydrophilic pores greater than a critical value corresponding to the percolation threshold of the network. Using data from Ref. [20], the impact of the hydrophobicity loss on the PEMFC performance was then studied in Ref. [21] in relation with the performance loss observed during long-term tests. The boundary condition used in these works was questioned in Ref. [22] where it was argued that considering multiple independent injection points is more representative of the in-situ situation. The consideration of this type of boundary condition together with mixed wettability conditions in Ref. [23] also leads to the existence of a critical value in the fraction of hydrophilic elements above which the impact of the loss of hydrophobicity is significant. The presence of rib and channel at the GDL outlet, an important feature of the in-situ situation, was considered in Ref. [24]. Here also, it was shown that increasing the fraction of hydrophilic pores was not necessarily a problem provided that this fraction is sufficiently low. Whereas previous works consider situation where the fraction of hydrophilic pores is distributed randomly, the case where this fraction is less in the central region of the GDL compared to the regions adjacent to the GDL inlet and outlet surfaces was also explored in Ref. [24]. All these numerical studies were based on pore network models (PNM). Lattice Boltzmann Method (LBM) [25,26] and volume of fluid (VOF) method [27] have also been used to consider mixed wettability GDLs.

Although all these works are interesting, no phase change phenomena were considered in these PNMs. In Chapter 4, the consideration of phase change phenomena in the MIPNM has permitted to identify two main liquid water formation regimes for "real" fuel cells: 1) the condensation regime for which the occurrence of liquid water in the GDL is only due to the condensation of water vapour, 2) the mixed regime for which the occurrence of liquid water is due to both direct liquid water injection at the GDL-CL interface and condensation of water vapour within the GDL. Belgacem [28] studied the impact of the loss of hydrophobicity for the condensation regime only. Since the effect of mixed wettability on phase distribution and gas access has never been investigated for the mixed regime, the objective of this chapter is to fill this gap.

Although somewhat less interesting since it is not representative of the standard operating temperatures, we also consider for comparison the pure liquid injection regime, which again was the only regime considered in all the above-mentioned numerical works [19][20][21][22][23][24][25][26][27]. In other words, simulations are performed for the three regimes sketched in Fig. 5.1: the condensation regime, the mixed regime and the liquid injection without phase change case.

Regarding the distribution of hydrophilic and hydrophobic pores, we consider two main configurations based on the review of the literature presented above: 1) the configuration where the GDL is perfectly hydrophobic initially and then becomes more and more hydrophilic, 2) the configuration where the distribution of hydrophobic pores is not uniform with hydrophobic pores near the surfaces and a fraction of hydrophilic pores in the interior of the GDL. Situation #1 is expected to be representative of degradation processes (progressive loss of hydrophobicity) whereas situation #2 would correspond to the situation where the hydrophobic treatment leads to a non-uniform distribution of PTFE (PTFE near the surfaces and much less in the interior of the GDL).

The simulation tool is a mixed-wet PNM. It is based on the MIPNM detailed in Chapter 3.

For the present study, the model has been extended so as to consider GDL of mixed wettability as well as fully hydrophobic or fully hydrophilic GDL. This model is summarized in the next section. Two main indicators are considered to measure the impact of the wettability variations. The first one is the saturation (over the whole network or over through-plane slices). As discussed in Ref. [29], the global saturation is, however, not sufficient to characterize the gas access. For this reason, we also compute, as second indicator, the diffusive flow rate of O 2 through the GDL. 

Pore Network Model

The MIPNM

The MIPNM presented in Chapter 3 is used in this study. The structure of the GDL unit cell is the moderately anisotropic one introduced in Chapter 3. The properties of the pore network generated for the present study are recalled in Table 5.1. The parameters of the model are set as follows:

N x [-] N y [-] N z [-] a [µm] d t//
• the fraction of heat going to the cathode side is γ=0.5

• the fraction of produced water going to the cathode side is β=0.8

• the density of liquid injection points at the GDL-CL interface is α=20% (for both the mixed regime and the pure liquid injection regime).

New liquid water invasion rules

In hydrophobic regions, the classical invasion percolation rules [30] apply, i.e. the invasion is simply controlled by the sizes of the element. As first shown in Ref. [31], the situation is more involved in hydrophilic regions where the invasion of a pore depends on the number of adjacent hydrophilic elements already filled with water. This aspect can be taken into account by defining the invasion potential of each element (pore or throat) appropriately [32,33]. Accordingly, the rules for liquid water invasion are the following. Elements containing liquid water and linked together form a liquid cluster. A new element can be added to a liquid cluster only if all its elements are already fully filled with water. If it is not the case, the liquid water flow rate is evenly distributed between the non-already filled elements of the cluster. Only one new element at the periphery of the cluster can be invaded at a time. The element to be invaded is the neighbouring empty element of minimum invasion potential. The invasion potential φ is defined as follow for a hydrophilic pore [32,33]:

φ = -2acos(θ)[1 + 0.25(N neighbours -1)] d eq (5.1)
where a is the lattice spacing of the network, θ is the contact angle of the element, d eq is the equivalent diameter of the element and N neighbours is the number of hydrophilic adjacent elements already containing water. The invasion potential is defined as follow for a hydrophilic throat or a hydrophobic element (pore or throat):

φ = -2acos(θ) d eq (5.2) 
For the cubic pores d eq is equal to the width of the cube and for the square cross-section throats d eq is equal to the side length of the square cross-section.

Wettability distribution

The wettability is fixed via the fraction of hydrophilic elements in the network. The parameter is denoted by f . Pores and throats have the same probability to be hydrophilic. The contact angle of a hydrophobic element is 110 • while the value for a hydrophilic element is 80 • . Such a mixed-wet pore network for f =20% is represented in Fig. 5.2.a for the case where the position of the hydrophilic elements is randomly chosen. The case where only the central layers of the GDL are mixed-wet is illustrated in Fig. 5.2.b. In what follows, the latter situation is referred to as the non-uniform distribution of f whereas the situation illustrated in Fig. 5.2.a is referred to as the random distribution of f .

In the case of the random distribution of f , the hydrophilic elements are randomly chosen among all the elements of the network and there are as many hydrophilic pores as hydrophilic throats in each direction. Five different wettability distributions are generated. The throat sizes are also randomly allocated. This introduces a second source of randomness. Five different throat size spatial allocations are generated. By combining the randomness in the locations of the hydrophilic pores and throats and the randomness in the throat sizes, each regime (see below) is simulated for 25 different realisations of the network. A given spatial distribution of throat and pore sizes is referred to as a geometrical realisation of the network whereas a given spatial distribution of hydrophilic elements is referred to as a wettability realisation. A realisation combining the two sources of randomness is referred to as a realisation of the network. Simulations are performed for 6 different values of f , namely 0%, 20%, 40%, 60%, 80% and 100%.

In the case of the non-uniform distribution of f (Fig. 

Liquid water pore filling regimes

As mentioned in the introduction, three different pore (and throat) filling regimes are distinguished, namely the pure liquid invasion regime, the condensation regime and the mixed regime. The operating conditions corresponding to these three regimes in our simulations are given in Table 7.1.

Regime

Operating conditions 

T bp [ • C] i [A•cm -2 ] RH c [

Liquid water distribution patterns

Typical liquid distribution patterns for the three regimes, the two wettability configurations and three values of f are depicted in Fig. 5.3. As can be seen, the condensation regime leads to markedly different patterns whatever the wettability conditions or configurations compared to the two other regimes. In the condensation regime, the liquid water is confined in the region of the GDL below the rib and the regions below the half-channels are free of liquid water. This has important consequence on the gas access as discussed later in this chapter. Fig. 5.3 also illustrates the impact of f on the liquid clusters. Capillary fingers are visible for intermediate and low values of f whereas the liquid water clusters are more compact when f is sufficiently high, i.e. when the network is sufficiently hydrophilic. This is typical consequence of cooperative phenomena between adjacent menisci in hydrophilic pores, e.g. Refs. [6,19]. In addition, the anisotropy of the network favours the development of capillary fingers in the through-plane directions in hydrophobic regions and the in-plane invasion in hydrophilic ones. Interestingly, it can also be noticed differences between the two wettability configurations (Fig. 5.2). Compare for instance the patterns for the various regimes when f =100% (fully hydrophilic network in the case of the random configuration and fully hydrophilic central layers in the case of the non-uniform configuration).

For all regimes, there is clearly more liquid water in the GDL for the non-uniform wettability configuration than for the random wettability configuration. In the former, the fully hydrophobic layer of pores connected to the outlet acts as a capillary barrier. Combined with the preferential invasion in the in-plane directions in the hydrophilic regions and the fact that the layer of pores connected to the outlet is also fully hydrophobic, this leads to the flooding of the central region.

Also, regarding the comparison between the mixed regime and the pure liquid injection regime, it is interesting to note that the capillary fingers are less developed in the through-plane directions in the mixed regime (as exemplified by the patterns for f =0%). This is because of the evaporation taking place at the tip of the liquid fingers in the mixed regime, a phenomenon which is not considered in the simulation of the pure liquid injection regime.

Saturations

The variation of the overall saturation S with the fraction of hydrophilic elements f for the various regimes and the two wettability configurations are depicted in Fig. 5.4. Consistently with the patterns depicted in Fig. 5.3, S is significantly lower in the condensation regime. Also, it can be noted that S is lower in the mixed regime compared to the pure liquid regime when f is sufficiently low. This is a consequence of the evaporation as discussed in relation with the patterns. By contrast, the values of S are comparable for sufficiently high values of f . The comparison between the random and non-uniform wettability configurations for the mixed and pure liquid injection regimes when f is sufficiently high confirms that more liquid is present with the non-uniform configuration. As discussed previously, this is due to the flooding of the central region in the non-uniform configuration. Both for the pure liquid invasion regime and the condensation regime, it can be seen that there exists an optimal range of f (∼ 60 -80%) minimizing the overall saturation. This clearly suggests that some loss of hydrophobicity is not necessarily detrimental and can even be beneficial. In the case of the condensation regime, the presence of hydrophilic in-plane elements leads to the formation of more compact liquid clusters in the top layers of the network reaching the condensation-evaporation equilibrium before invading the lowest layers of pores of the network near the inlet. This is illustrated by the liquid water distributions shown in Fig. 5.3 for f =0%, f =60% and f =100%. In other words, the presence of hydrophilic elements in the GDL helps reducing the global water saturation of the GDL in this regime as a result of the formation of more compact liquid clusters. The case of the mixed regime is somewhat different. The impact of f is weak for f ≤ 40%. For greater values, the saturation increases with f . Thus, there is no well-marked range of f minimizing S contrary to the two other regimes. This regime is characterized by the development of both liquid clusters originating from the inlet and condensation clusters developing below the rib with some merging in the region below the rib between the two types of cluster. This should explain why there is no clear optimum contrary to the pure liquid injection regime.

The impact of regimes and wettability configurations on the liquid water is also illustrated in Fig. 5.5 showing saturation profiles in the in-plane direction. Each point on these profiles corresponds to the saturation in a vertical slice of thickness a along a direction parallel to the half-channels. The impact of the wettability configuration is well illustrated by the comparison of the profiles for f =100% in the mixed regime. The saturation is 100% below the rib in the random configuration whereas the hydrophobic layer along the inlet prevents from reaching such a high value in the non-uniform configuration. The impact of the fully hydrophobic top and bottom layers in this configuration is also visible in the mixed and pure liquid injection regimes in the regions below the two half-channels. For both regimes, the saturation in these regions is significantly higher than for the random configuration. In the pure liquid invasion regime, there is more liquid water in the region below the rib than in the regions below the half-channels when the network is purely hydrophobic (f =0%) or purely hydrophilic (f =100%), (as in the two other regimes) whereas the liquid water is much more evenly distributed when f is in the range minimizing the overall saturation (f =60% in Fig. 5.4), at least for the wettability random configuration. With the non-uniform wettability configuration, the liquid water is still evenly distributed even for f =100%. To a lesser extent, this is also observed in the mixed regime.

Reactant gas access

As mentioned in the introduction, the impact of the mixed wettability is assessed from the computation of the saturation (overall saturation and in-plane saturation profiles) and also from the computation of the oxygen diffusive molar flow rate in the gas phase through the GDL so as to characterize the impact of the liquid water presence on the reactant gas transport. This problem is solved using a pore network approach [34]. The O 2 molar fraction is set to x 1 at the CL interface, x 2 at the channel interface (with x 2 > x 1 ) and a zero flux condition is imposed at the rib interface together with spatially periodic conditions in the in-plane directions at the lateral boundaries of the computational domain. The problem is sketched in Fig. 5.6. From the numerical solution of this problem, the total molar flow rate q tot-wet of O 2 crossing the GDL inlet for a given pore network and a given liquid water distribution is computed. Then the ratio τ = q tot-wet q tot-dry (5.3) where q tot-dry is the molar flow rate of O 2 computed when the GDL is dry is computed. τ is calculated for all the performed simulations. τ can be seen as a saturation dependent tortuosity coefficient.

For a given geometrical realisation, the variation of τ with the fraction of hydrophilic elements f is depicted in Fig. 5.7. As it could have been inferred from the results on the liquid saturation and the patterns, the condensation regime is the one leading to the best reactant gas access. The difference with the two other regimes is quite significant since τ is actually quite close to 1 in the condensation regime for both wettability configurations whatever the value of f . This means that the total molar flow rate q tot-wet through a wet GDL is quite close to the total molar flow rate through a dry GDL in this regime. In relation with the patterns shown in Fig. 5.3, this highlights the fact that the presence of liquid water only in the region below the rib does not affect significantly the diffusive transport of reactant gas. This can be explained by the fact that the reactant gas poorly diffuses in this region even when the GDL is dry owing to the longer diffusion path compared to the straight paths in the regions below the half-channels. In other words, the reactant gas transport predominantly occurs in the regions of the GDL below the channels and much less in the region below the rib. The significant lower values of τ for the two other regimes is thus a consequence of the liquid water presence in the regions below the two half channels. Another striking observation is the impact of the wettability configuration as regards the pure liquid injection and mixed regimes. In the random configuration, the gas access is improved when f increases in the pure liquid injection regime. The impact is significant since there is about a factor 2 between the lower values of τ (f ∼20%) and the greater values (f ∼80%). As can be seen from Fig. 5.4 and Fig. 5.7, the variation of τ with f is well correlated with the variation of the overall liquid water saturation. When the saturation increases with f , then τ decreases with f and conversely. However, it can be seen that τ is higher for f = 100% than for f =0% while the overall saturations are close (Fig. 5.4). This is fully consistent with the impact of f on the pattern depicted in Fig. 5.3. Thus, the loss of hydrophobicity for this regime and this wettability configuration is globally more beneficial than detrimental. The conclusion is exactly opposite for this regime with the non-uniform wettability configuration. This is a consequence of the flooding of the central region in this case which severely limits the gas access when f is sufficiently high. Although the impact of f in the random wettability configuration is less clear for the mixed regime, the conclusion regarding the impact of the wettability configuration for this regime is somewhat similar since again the reactant gas access is severely affected when f is sufficiently high in the non-uniform wettability configuration. This highlights the fact that the impact of the wettability variations can be subtle. 

Conclusions

The impact of the wettability properties of the GDL substrate was studied from pore network simulations. Two situations were considered. The first situation is characterized by changes in the wettability properties at the pore scale occurring randomly everywhere within the GDL. This situation might mimic the progressive loss of hydrophobicity of the GDL during the PEMFC operation. In the second situation, the GDL is perfectly hydrophobic near the surfaces but can contain hydrophilic elements in the interior. This case mimics the situation where the hydrophobic treatment is imperfect with a good PFTE coating in the vicinity of the GDL surfaces and a less good or poor PTFE coating inside the GDL. Then, the main novelty was to distinguish three main operating regimes. These regimes depend on the operating conditions, namely on the current density, operating temperature and relative humidity in the channels.

The mixed regime and the condensation regime are however the most interesting since there are the most representative of an operating fuel cell.

A first major result is that the impact of the wettability variations on the gas transport through the GDL is highly regime dependent. This is so because the liquid water distribution is markedly different depending on the regime. The liquid water is found only in the region below the rib in the condensation regime whereas it is present both in the region below the rib and in the region below the channel in the pure liquid injection regime and the mixed regime. The fact that the region below the channel is free of liquid water in the condensation regime allows maintaining a quite good gas access through the GDL.

As in some previous works (where it is recalled that only the pure liquid injection regime was considered), it is often found that increasing the fraction of hydrophilic elements is not necessarily detrimental. On the contrary, this can improve the gas access. This is due to the fact that increasing the fraction of hydrophilic elements leads to more compact liquid clusters and also favours some in-plane invasions owing to the anisotropy of the GDL pore network. This is also an indication that considering the wettability properties of the GDL as an optimisation tool for improving the fuel cell performances can be a good idea, e.g. Refs. [35,36]. However, the present study makes clear that this possibility is also regime dependent. For the operating conditions leading to the condensation regime, no significant improvement should be expected.

The second major result is the impact of the wettability configuration (random loss of hydrophobicity everywhere or only in the interior of the GDL) for the pure liquid injection and mixed regimes. The gas access can be greatly affected when the fraction of hydrophilic pores is sufficiently high in the non-uniform configuration whereas increasing the fraction of hydrophilic elements has little impact (mixed regime) or even improve the reactant gas access (pure liquid injection regime) in the random configuration. For the wettability non-uniform configuration, our results suggest that only moderate defects in the PTFE coating can be tolerated in the interior of the GDL. If too many pores are not hydrophobic, then the performance of the fuel cell should be significantly affected for these two operating regimes. In other words, our study strongly suggests that a uniform wettability distribution must be sought, unless the condensation regime is the only expected regime in the considered application.

The study might also help understand why the wettability properties have sometimes a significant impact on the PEMFC performance and sometimes no noticeable impact in tests since the impact depends on the prevailing operating regime and on the initial distribution of PTFE within the GDL.

Part III Part 3: Improvement of PEM Fuel Cells efficiency

Chapter 6

Optimisation of the microstructure of gas diffusion layers with respect to reactant gas access. 

Introduction

The GDL, e.g. [1], is a thin porous layer used in PEMFCs to improve the reactant gas diffusive transport towards the adjacent CL where the electrochemical reaction takes place. The GDL is generally a two layer system resulting from the assembly of a fibrous substrate and a MPL. However, in this chapter, GDL refers to the fibrous substrate only. The latter is generally rendered hydrophobic by applying a polytetrafluoroethylene (PTFE) coating. Therefore, in this chapter, it will be considered as uniformly hydrophobic. As depicted in Fig. 6.1, the GDL is sandwiched between the CL and the BP where regularly spaced channels are machined. As a result of this design, the surface of the GDL through which the reactant gas (air or O 2 ) enters is partially occulted since the BP is in direct contact with the GDL in between the channels. This direct contact area corresponds to the rib in Fig. 6.1. In Fig. 6.1, the width of the rib L r is on the order of a few millimetres whereas the thicknesses δ CL and δ GDL of the CL and the GDL are on the order of a few tens of microns and a few hundreds of microns respectively. Thus, there is about one order of magnitude difference between the two thicknesses. The length of the diffusion path to reach the region below the rib is ∼ L r /2 whereas the length of the diffusion path to reach the CL from the channel in the absence of GDL can be roughly estimated as ∼ δ CL /2. In the presence of the GDL the diffusion path length in direction of the rib centre is about the same whereas the direct diffusion path from the channel to the CL is now δ GDL . As a result, the ratio between the lateral (from channel to rib centre) diffusion path length and the direct (straight from channel to CL) diffusion path length is about 100 in the absence of GDL and 10 in the presence of the GDL. This is a quite significant difference. Based on these estimates, it is clear from Fig. 6.1 that the presence of the GDL must improve the gas access to the CL in the region below the rib compared to the situation without GDL where the CL would be in direct contact with the BP. In the latter situation, since the CL thickness is about two orders of magnitude smaller than the rib width, one suspects that the region of the CL right below the rib is likely to be a dead region because of the much longer diffusion path from the channels to reach the reactive sites in the CL. Nevertheless, since the GDL thickness is about one order of magnitude smaller that the rib width, the gas access to the CL is clearly easier for the region of the CL below the channel than for the region below the rib. In other words, even in the presence of the GDL, the diffusion paths are still significantly longer for the region of the CL located below the rib. This is illustrated in Fig. 6.2 from the solution of the stationary two-dimensional diffusion problem over the domain depicted in Fig. 6.2. To this end, we have solved the following problem over the GDL domain using the commercial simulation software COMSOL Multiphysics,

∇.(D ef f ∇cx r ) = 0 (6.1)
where D ef f is the GDL effective diffusion coefficient, c is the gas mixture molar density and x r is the reactant gas molar fraction with the following boundary conditions: i) the molar fraction of the reactant gas is x r =1 at the GDL-channel interface, ii) the molar fraction is x r =0 at the GDL-CL interface, iii) a zero flux condition is imposed at the GDL-rib interface, iv) spatially periodic boundary conditions are imposed on the right and left sides in Fig. 6.2. The molar fraction field obtained for a spatially uniform effective diffusion coefficient is shown in Fig. 6.2.a whereas the normal diffusive flux along the GDL-CL interface is plotted in Fig. 6.2.b. As can be seen, the diffusive flux distribution is not uniform with a minimum right below the centre of the rib and a maximum below the centre of the channel. On the basis of this illustrative result, the question arises as to whether it is possible to design the GDL so to obtain a more uniform flux along the GDL-CL interface. This would correspond to the situation where the reactive sites in the CL would be more uniformly fed in reactant gas. This problem, i.e. the search of a GDL design improving the gas access, is studied in what follows from numerical simulations combining an optimisation method based on a genetic algorithm [2-5] and pore network models (PNM). We begin with a dry GDL. In terms of Chapter 6. Optimisation of the microstructure of gas diffusion layers with respect to reactant gas access.

PEMFC operating regimes , this case corresponds to a regime of sufficiently low current density and channel relative humidity for the water produced in the CL to be transferred through the GDL in vapour phase without condensation. However, when these conditions are not met, liquid water is present in the GDL and one can wonder whether the optimal design for a dry GDL is still a good design in the presence of liquid water. This point is also studied in the chapter. The chapter is organized as follows: the PNM is briefly described in Section 6.2 with the optimisation method. Results for a dry GDL are presented in Section 6.3. The impact of the optimisation on gas access in wet GDLs is discussed in Section 6.4. Conclusions are drawn in Section 6.5.

Optimisation of a dry gas diffusion layer

The idea is to modify the GDL microstructure, i.e. actually the throat size spatial distribution, in order to improve the reactant gas access in the region located below the rib. The objective of the optimisation is to distribute the reactant gas outward diffusive flux as uniformly as possible over the GDL-CL interface while maintaining the overall mass flow rate crossing the entire interface.

Problem formulation

Computations are performed over the GDL domain illustrated in Fig. 6.1 limited on top by a central rib of width L r = 1mm surrounded by two half channels of width L ch /2 = L r /2. The GDL thickness δ is equal to 200µm. These values are representative of GDLs [1]. As in the introduction, we consider a stationary diffusion problem with the same boundary conditions (molar fraction equal to x r =1 at the GDL-channel interface, molar fraction equal to x r =0 at the GDL-CL interface, zero flux boundary condition at the GDL-rib interface, spatially periodic boundary conditions along the lateral sides of the domain). The simulation of the diffusive transport is performed using a 3D cubic pore network model (PNM). The pores are cubes evenly spaced. The lattice spacing, i.e. the distance between two neighbour pores, is a = 40µm in each direction. The throats between adjacent pores are channels of square cross-section. The size of the throat is randomly distributed in the range [d min , d max ] according to a uniform p.d.f. (probability density function). The size of a pore is the maximum throat size among the throats adjacent to the pore. There are N x pores in the main in-plane direction, i.e. along the channel and rib (x direction in Fig. 6.1), N z pores in the through-plane direction and N y pores in the remaining in-plane direction parallel to the channels. Unless otherwise mentioned,

N x =50, N y =3, N z =5.
Within the framework of the PNM approach, the solution of the diffusion 6.2. Optimisation of a dry gas diffusion layer transport is obtained from the following mass balance at each node (pore) i of the network:

n i=1 g i,j (x ri -x rj ) = 0 (6.2)
where x ri and x rj are the molar fraction in pores i and j and g i,j is the diffusive conductance between pores i and j defined as,

g i,j = cDd i,j 2 a (6.3)
where d i,j is the throat width, c is the gas mixture molar density and D is the diffusion molecular coefficient.

Optimisation method

A genetic algorithm is used to optimise the GDL, that is to spatialize the throat size distribution in the network so as to best satisfy two criteria as explained in what follows. The main steps of the algorithm are summarized in the flow chart shown in Fig. 6.3 and described below. the network to the GDL-CL interface, and the bar indicates the average over the N x •N y throats connected to the GDL-CL interface. The aim of the genetic algorithm is to merge solutions with lower and lower standard deviations. While homogenising the mass flow rates over the GDL-CL interface, it is of course desirable that the overall flow mass rate q tot = Nx i=1 Ny j=1 q(i, j) crossing the GDL-CL interface be equal or greater than the reference value q tot,ref computed for the reference networks during the initialisation step. q tot,ref is the average value over the N ref reference networks. Therefore, the two criteria for selecting a new solution are:

• the standard deviation is lower than the higher one among the current networks of the population:

σ(q) ≤ max (σ p (q)|p ∈ [1, N n ]).
• the overall mass flow rate of the assessed network is higher or equal to the reference value:

q tot ≥ q tot,ref .
If a child network respects these two criteria, the child network is selected and replaces the network in the population with the highest standard deviation.

End: The procedure is stopped when the standard deviation has decreased enough and reached for a sufficient long time a plateau.

Results (dry gas diffusion layer)

Calibration of the genetic algorithm

Several choices are possible as regards the genetic algorithm. We briefly discuss the impact of some of them in this sub-section. First, we have tested whether using the standard deviation alone, i.e. σ, or the standard deviation normalized by the average, i.e. σ(q) q , had an impact on the computational time and the results. No noticeable impact has been found. Therefore, we have used the standard deviation and not the normalized standard deviation to characterise the mass flow rate homogenisation in the computations. Then, we have compared the results of the optimisation procedure when the two optimisation criteria (homogenisation of the mass flow rate and overall mass flow rate q tot greater or equal to the reference overall mass flow rate q tot,ref were enforced and when only the first one (minimisation of the standard deviation, no constraint on the overall mass flow rate) was enforced.

The values of the standard deviation, the minimum and the maximum flow rates and the overall mass flow rates are given in Table 6.1 for the reference networks, the optimised GDL without constraint on the overall mass flow rate and the optimised GDL with both criteria. The outward mass flow rate distribution over the GDL-CL interface is plotted for each GDL in Fig. 6.4. The results for the reference network in Fig. 6.4 correspond to one network among the Chapter 6. Optimisation of the microstructure of gas diffusion layers with respect to reactant gas access.

N ref reference networks. Fig. 6.4 highlights the significant impact of the central rib on the mass flow rate distribution over the GDL-CL interface for the non-optimised reference GDL. This impact is significantly reduced when the GDL is optimised with both optimisation criteria and almost disappears when the optimisation is performed without the constraint on the overall mass flow rate. When the latter is not enforced, significantly lower standard deviation values are obtained. The standard deviation is about 3,5 times smaller than that for the reference GDLs when both criteria are enforced whereas σ is about 178 times smaller than that for the reference GDL when the constraint on the overall mass flow rate is not enforced. However, not imposing the constraint on the overall mass flow rate leads to a solution where the overall mass flow rate is about 35% smaller than the reference value. Nevertheless, in the application, it is important that all the regions of the CL be sufficiently feed in reactant gas so that as much catalyst particles as possible are active. In other words, a more homogeneous distribution of the mass flow rate even with a (slightly) lower overall mass flow rate could be an efficient trade-off. This will be further illustrated later in this chapter. Fig. 6.4 also illustrates a compensation mechanism. In the non-optimised GDL, the greater mass flow rate over the region of the GDL-CL interface below the channel compensates the lower mass flow rate below the rib compared to the optimised GDL so that the overall mass flow rate is similar in both GDLs.

σ σ ref q min q ref qmax q ref qtot q tot,ref
Reference networks 1 0.015 2.55 1 Optimised GDL without overall mass flow rate criterion 0.0056 0.63 0.65 0.64

Optimised GDL with overall mass flow rate criterion 0.28 0.47 1.22 1 Table 6.1: Standard deviation, minimum and maximum mass flow rates and overall mass flow rate for the reference networks, the optimised GDL obtained without constraint on the overall mass flow rate and the optimised GDL obtained with both optimisation criteria; q tot,ref = 2.95 x 10 -9 mol•s -1 is the overall mass flow rate for the reference networks (average value over the N ref reference networks), q ref = q tot,ref NxNy = 1.96 x 10 -11 mol•s -1 is the average mass flow rate per interfacial throats, σ ref = 1.60 x 10 -11 mol•s -1 is the average standard deviation of the local mass flow rate distribution over the N ref reference networks. For the reference networks q min and q max are averages over the N ref reference networks.

Dry gas diffusion layer optimal design

Based on the results presented in section 6.3.1, the GDL microstructure has been optimised using both criteria, i.e. the minimisation of the standard deviation σ and the constraint on the overall mass flow rate. Fig. 6.5 shows the x-throat and z-throat size distribution for the optimised GDL in the network central layer in the y-direction. Most of the x-throats are big and close to d max below the rib while they are quite significantly smaller below the channel. A somewhat unexpected result is that the x-throats located below the centre of the rib are quite small compared to the other x-throats below the rib. This creates a kind of barrier below the centre of the rib. This is a consequence of the geometry central symmetry. The flow rates are optimised on each side of the symmetry and a barrier in the axis of symmetry is generated. In terms of design, this can be considered as an artefact. Imposing in this row of x-throats, the average size of the two adjacent x-throats would be more consistent. Also, it is clear from Fig. 6.5 that it would be sufficient to perform the optimisation only over half of the domain illustrated in Fig. 6.5 because of the symmetry. The z-throats are smaller below the channel. This makes the through-plane transport more difficult and consequently favours the redirection of the mass fluxes in the x-direction especially below the rib where the x-throats are bigger. The z-throats become bigger and bigger from the channels to the centre of the rib so that the through-plane transport is favoured below the rib compared to the regions below the channels. Finally, it can be noticed that the z-throats located in the first layer, i.e at the GDL-CL interface, are bigger than the z-throats in the upper layers. This is a consequence of the definition of the mass flow rate at the GDL-CL interface which depends on the z-throat sizes at the GDL-CL interface (it is proportional to the square of the considered z-throat size).

The optimal network so obtained leads to the porosity distribution illustrated in Fig. 6.6. This porosity is a local porosity computed over cubes of size a (a is the lattice spacing, i.e. the distance between two adjacent pores) centred on the pores. This porosity is of course not a converged porosity in the sense of the continuum approach to porous media since the averaging volume is here much smaller than a traditional representative elementary volume (REV). The porosity varies from 0.46 to 0.94. The porosity is minimum in the upper layers below the centre of the channels whereas it is maximum in the central region below the rib. The mean porosity Chapter 6. Optimisation of the microstructure of gas diffusion layers with respect to reactant gas access.

of current commercial GDLs can vary from 0.64 to 0.88, e.g. [6]. Variations of GDL porosity with compression are presented in [6]. The porosity decreases when the GDL is compressed. In assembled fuel cells, this means that the porosity should be smaller below the rib region than below the channel region as the compression is mainly applied by the rib. As a consequence, the porosity below the channel is higher than below the rib for a current commercial GDL in a fuel cell. Strikingly, this is the opposite of the optimal porosity field illustrated in Fig. 6.6. 

Discussion

As briefly discussed in section 6.3.1, it might be interesting to use a less strict criterion for the overall mass flow rate so as to improve the uniformity of the mass flow rate distribution over the GDL-CL interface without affecting too much the overall mass flow rate. To explore this point, computations were performed with the criterion: q tot ≥ ηq tot,ref with η ∈ [0, 0.2, 0.4, 0.6, 0. As can be seen, σ is significantly reduced compared to its initial reference value for the lower values of η up to η=0.6 whereas the mass flux rate homogenisation is less effective for η=0.8 and η=1. However, it can be seen that the overall mass flow rate of the optimised solution q tot is significantly higher than the imposed criterion ηq tot for the lower values of η up to η=0. 4. This indicates that it is not necessary to decrease too much the required minimum overall mass flow rate ηq tot to obtain a good homogenisation of the mass flow rate over the GDL-CL interface. 

Impact of microstructure optimisation on gas access in wet gas diffusion layers

As mentioned in the introduction, the cathode GDL is dry only for sufficiently low current densities and relative humidities in the channel. Actually the fuel cell often operates under conditions leading to the occurrence of liquid water. Therefore, the question arises as to whether the optimal design for a dry GDL is still a good design for a wet GDL. To this end, comparisons are performed between the optimised GDL and a non-optimised GDL, i.e. a reference GDL arbitrarily selected among the N ref reference networks, as regards the liquid water distribution and the reactant gas access. Note that the optimised GDL is the one obtained with both optimisation criteria enforced and η=1.

This comparison implies to consider different wet regimes. Two main regimes of liquid water formation in GDL are distinguished , namely, the dominant condensation regime and the mixed regime. In the dominant condensation regime, water enters in vapour form through the GDL-CL interface and condenses in the GDL colder regions, i.e. below the rib. The mixed regime refers to the situation where both condensation and liquid water intrusion through the GDL-CL interface contributes to the presence of liquid water in the GDL. Both regimes can be simulated using the Mixed Injection Pore Network Model (MIPNM) presented in Chapter 3 considering various operating conditions. The operating conditions considered for the present study leading to the two regimes are given in Table 6.2. In addition, simulations of pure liquid injection with no phase change have been performed. When water enters in liquid form into the GDL at Chapter 6. Optimisation of the microstructure of gas diffusion layers with respect to reactant gas access.

the GDL-CL interface, a certain fraction α of the throats connecting the GDL to the CL are invaded by liquid water. This fraction is actually a parameter in the PNMs. In this study, α=20%. Also, for the MIPNM, two other parameters of the model need to be specified (see Chapter 3): the fraction of heat going to the cathode side is γ=0.5 and the fraction of produced water going to the anode side is β=0.8. One can refer to Chapter 3 for more details. It should be noted that modifying the microstructure should have an impact of the heat transfer since the local porosity distribution is different in the optimised GDL and the non-optimised GDL. This impact has been neglected in what follows on the ground that this should not change the main features of the liquid water distribution corresponding to each regime.

Regime

Operating conditions 6.2: The various operating conditions for the wet GDL simulations.

T bp [ • C] i [A•cm -2 ] RH c [%] Condensation 80 

Liquid water distribution in optimised and non-optimised gas diffusion layers

The liquid water distributions for the various cases indicated in Table 6.2 and the two GDLs are depicted in Fig. 6.8. The corresponding saturation profiles are shown in Fig. 6.9.

In the dominant condensation regime, condensation first happens in the layer of pores located right under the rib. Then the transport in liquid water below the rib in the non-optimised GDL is favoured in the through-plane direction (this is because in the hydrophobic GDL, invasion preferentially occurs in the larger throats). As depicted in Fig. 6.8.a1, this leads to invasion in all the pore layers below the rib until the condensation-evaporation equilibrium is reached. By contrast, invasion of elements in the in-plane direction is favoured in the optimised GDL (Fig. 6.8.a2) as the z-throats are smaller than the x-throats and y-throats. The condensation-evaporation equilibrium is rapidly reached after the first nucleation step and only a few elements of the networks are invaded. Consequently, the saturation in the optimised GDL is significantly lower than that in the non-optimised GDL. This is also well illustrated by the saturation profiles depicted in Fig. 6.9.a (see also Table 6.3).

For the mixed regime, the liquid water presence results from both liquid water intrusion at the GDL-CL interface and condensation in the colder regions of the GDL, i.e. below the rib. In contrast with the condensation regime, this regime is characterized by the presence of liquid water both in the regions below the rib and below the channels (Fig. 6.8). As can be seen from Fig. 6.8.b1 and Fig. 6.8.b2, there are some differences in the liquid water distributions between the two GDLs. The more favourable liquid water invasion along the through-plane direction in the non-optimised GDL results in the merging of the liquid clusters resulting from the liquid injection with the main condensation cluster forming below the rib. As shown in Fig. 6.8.b1, this leads to the presence of liquid water in all the layers of the GDL both below the rib and below the channels. By contrast, the more favourable liquid water invasion along the in-plane direction below the rib results in comparatively less invasion in the pores next to the GDL-CL interface in the region below the rib in the optimised GDL. Below the channel, this leads to the presence of liquid clusters in the first two pore layers of the GDL only. However, as shown in Fig. 6.9, this difference does not lead to significant difference in the saturation profiles. This is also confirmed by the saturation values reported in Table 6.3.

As depicted in Fig. 6.8.c, the distributions obtained with the pure liquid injection with no phase change PNM are closer to those of the mixed regime but with noticeable differences. First, it can be seen that the non-optimised GDL is more flooded than the optimised GDL in the region below the rib. In particular, the top pore layers in this region contain much less liquid water than in the non-optimised GDL. Again, this is due to the fact that the optimised geometry favours in-plane invasion while the non-optimised geometry favours invasion in the throughplane direction. This is also illustrated by the saturation profiles plotted in Fig. 6.9.c. As can be seen from Table 6.3, the saturation in this regime is greater below the rib in the non-optimised GDL whereas this is opposite as regards the saturation below the channel.

In summary, there is less liquid water in the optimised GDL compared to the non-optimised GDL only for the condensation regime whereas the saturation is comparable between the two GDLs for the two other regimes. This impact of the liquid water presence on the reactant gas transfer is discussed in the next section.

Reactant gas transfer in wet gas diffusion layers

Once the liquid water distribution is determined, it is interesting to assess the reactant gas transfer by solving the diffusion problem previously presented in the partially liquid saturated GDLs. It could be assumed a priori that the presence of less liquid water in the optimised GDL compared to the non-optimised GDL in the condensation regime should lead to an improved reactant gas transfer in the optimised GDL. However, this is not necessarily that simple. It was pointed out in [7] that the reactant gas transfer is highly liquid water distribution dependent and that the simple knowledge of the overall saturation is generally not sufficient to characterize the reactant gas access to the CL.

The PNM procedure to compute the reactant gas diffusive transfer through the GDL in the presence of liquid water is very similar to that for a dry GDL. The additional feature is to take into account the presence of liquid water in some throats and pores. The presence of liquid water in an element of the network affects the reactant gas diffusion transport into this element until no diffusion can happen once the element is fully filled with liquid water. The diffusive conductance in a wet throat is computed using the following relationships:

• g i,j = cDd i,j 2 a
[1 -S i,j ] (where S i,j is the water saturation in the throat between pore i and j) if neither the throat between pore i and j, neither pore i, neither pore j are completely filled.

• g i,j =0 if at least one of the three connected elements (the throat between pore i and j or the pore i or the pore j) is completely filled by liquid water.

The overall mass flow rate so obtained for the various cases is presented in Table 6.3 together with the overall saturation in the GDL, and below the rib or below the two half channels. As shown in Table 6.3, the impact of the liquid water presence on the overall mass flow rate is highly dependent on the regime. In the condensation regime, this impact is weak and the overall mass flow rate is comparable to that for a dry GDL. The difference between the optimised and non-optimised GDL is small but the overall mass flow rate is slightly greater with the optimised GDL. As shown in Fig. 6.8.a and indicated by the very low values of S ch in Table 6.3 for this regime, this weak impact of the liquid presence in this regime is due to the fact that the region below the channel is almost perfectly dry. By contrast, the overall mass flow rate is about half the one for the dry GDL in the mixed regime but slightly greater in the optimised GDL. The reduction compared to the dry GDL is still more severe in the liquid injection regime. This is due to the presence of water in the region below the channel, which is highly sensitive as regards the gas access owing to its smaller diffusion path. In accordance with the discussion in [7], Table 6.3 shows that the overall liquid water saturation is not sufficient to predict the degradation of the reactant gas transfer due to the liquid water presence. For instance, it can be seen that the overall saturation is about the same in the mixed regime and the liquid injection regime whereas the overall mass flow rate is significantly less in the liquid injection regime. Thus, more detailed information of the liquid water distribution is necessary to explain the difference in the overall mass flow rate between these two regimes.

The fact that the overall mass flow rate is significantly lower in the liquid injection regime compared to the mixed regime (Table 6.3) can be related to the degree of presence of liquid water in the row of pores next to the GDL-CL interface. This information is reported in Table 6.4. As can be seen from Table 6.4, there are significantly more liquid pores in this layer of pores in the liquid injection regime compared to the mixed regime and thus more pores blocking the reactant gas transfer. In other words, the partial flooding of the first layer of pores degrades significantly the reactant gas transfer. Also, it can be seen that the enhanced in-plane liquid invasion in the optimised GDL leads to the invasion of more pores in this first row. Although the fraction of injection throats is the same (20%), the preferential in-plane invasion in the optimised GDL eventually leads to more liquid saturated or partially liquid saturated pores in the first row of pores next to the GDL-CL interface. Interestingly, it can be seen that this first layer of pore is dry in the optimised GDL in the condensation regime whereas some of them are with liquid water in the non-optimised GDL.
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Non-optimised GDL Optimised GDL q tot,N O-dry = 2.88 x 10 -9 (mol•s -1 ) is the overall mass flow rate for the non-optimised GDL in the dry regime. S is the overall saturation in the GDL. S rib is the saturation in the GDL region below the rib. S ch is the saturation in the GDL region below the two half-channels. Table 6.5 presents the normalized standard deviation of the mass flow rate distribution over the GDL-CL interface. In the case of the wet regimes, the standard deviation is computed only over the dry throats connecting the GDL to the CL. Here again, it can be seen that the situation is highly dependent on the regime. The standard deviation is comparable to that of the dry non-optimised GDL in the condensation regime for both the optimised and nonoptimised GDLs. In this respect, the occurrence of liquid water removes the benefit of the optimisation in terms of homogenisation of the local mass flow rate (note that the standard deviation in the optimised dry GDL is about a quarter of that for the non-optimised GDL). This can be understood since the presence of liquid water in the region below the rib in this regime is equivalent to reduce the "effective" porosity (defined as the volume fraction of the medium occupied by the gas phase) in this region, which is the region where the porosity was increased as a result of the optimisation procedure (Fig. 6.6). The situation is less good for the two other wet regimes. The standard deviation is significantly greater compared to the dry GDLs and smaller in the non-optimised GDL compared to the optimised GDL. 

Density of dry pores at the BC

σ ref,N O-dry q ref =0.
81 is the standard deviation for the non-optimised dry GDL. q ref = q tot,N O-dry NxNy =1.93 x 10 -11 (mol•s -1 ).

Conclusions

More details on the mass flow rate distributions over the GDL-CL interface are shown in Fig. 6.10. First, the presence of liquid water below the rib for all regimes is sufficient to remove the benefit of the optimisation in this region since the local mass flow rate is quite low over the corresponding region of the GDL-CL interface, even lower than for the non-optimised dry GDL (Fig. 6.10.a). Then, this figure well illustrates the impact of the liquid water presence in the region below the channel (the two half channels in Fig. 6.10) for the mixed regime and the liquid injection regime. The local reactant gas mass flow rate is clearly smaller on average in this region for these two regimes compared to the condensation regime where this region is dry. The colour maps (Fig. 6.10.b) well illustrate the greater fluctuations for these two regimes consistently with the values of the standard deviation reported in Table 6. Also, Fig. 6.10 illustrates the compensation mechanism in the condensation regime already observed between the optimised and non-optimised dry GDL leading to a comparable value of the overall mass flow rate. In the condensation regime, the greater mass flow rate over the region of the GDL-CL interface below the channel compensates the lower mass flow rate below the rib compared to the dry optimised GDL so that the overall mass flow rate is similar to the one in the dry GDLs.

Conclusions

We have studied numerically the gas access by Fickian diffusion through a thin porous layer with a partially occulted inlet surface in relation with the oxygen transfer in the PEMFC cathode GDL. The main idea was to improve the GDL design so as to homogenize the reactant gas outward mass flow rate over the GDL exit surface (the surface in contact with the MPL or the CL in PEMFC) while keeping the overall mass flow rate comparable to that of the reference non-optimised GDL. To this end, we have combined pore network simulations and an optimisation procedure based on a genetic algorithm.

In the case of a dry GDL, the optimisation procedure leads to a design where the longer diffusion path to reach the region below the rib is compensated by a lower diffusive resistance in this region. In short, the porosity must be greater in the region below the rib compared to the region below the channel so as to enhance the in-plane gas transfer between the region below the channel and the region below the rib. In the current PEMFC situation, the uncompressed GDL is of uniform porosity. As the result of the GDL compression below the rib, the porosity of the GDL in situ is lower below the rib, which is exactly the opposite of the optimised design. This somewhat paradoxical situation suggests that there are significant possibilities for improving the fuel cell performance through a more uniform gas access to the catalyst particles via modifications of the GDL design, at least in the dry regime. Also, the study suggests that a more uniform gas distribution can be obtained if one accepts to reduce a bit the overall mass flow rate. This might be a good solution in order to optimise the use of the costly catalyst particles in the CL. Since the GDL is often wet in an operating fuel cell, the impact of the presence of liquid water on the optimised GDL has been assessed from comparisons with a non-optimised reference GDL. This comparison has implied to consider the various wet regimes occurring in the GDL depending on the fuel cell operating conditions. The overall liquid water saturation in the GDL is less in the optimised GDL compared to the non-optimised GDL (condensation regime) or similar (mixed regime and liquid injection regime). However, globally, the presence of liquid water in the region below the rib removes the benefit of the optimisation because the partial occupation of this region by liquid water is equivalent to reduce the porosity effectively accessible to the reactant gas. As the result, the local mass flow rate distribution over the GDL-CL interface in a wet GDL is much less uniform than for the optimised dry GDL.

As pointed out in previous works, our results confirm that the overall saturation is not a relevant indicator for the reactant gas transfer. The liquid distribution must be characterized in more details to assess the impact of liquid water on the gas access.

The impact of liquid water is quite different depending on the regimes. In the regimes where liquid water is confined in the region below the rib, i.e. in the condensation regime, the reactant gas overall mass flow rate is not really affected compared the dry GDL. This is because the much smaller local mass flow rates below the rib due the presence of liquid water is compensated by a higher mass flow rate in the region of the GDL-CL interface below the channel compared to the optimised dry GDL. Consistently, the impact on the gas access is much greater when liquid water is present also below the channel. The latter has a detrimental effect with a significantly reduced overall mass flow rate compared to the reference dry GDL.

Finally, it should be noted that the situation in a fuel cell can be more complicated than considered in this work owing to the coupling with the electrical transport, at least in the wet case. As discussed in [8], the current density over the GDL-CL interface can vary spatially.

According to [8], this lead to a lower local current below the rib in the condensation regime compared to the region below the channel. This effect has not been taken into account. Also, the electrical conductivity should be less good below the rib in the optimised GDL compared to that of the non-optimised one since the porosity is greater in this region in the optimised GDL.

In other words, a more comprehensive optimisation study should also consider the impact of the microstructure changes on the heat and electrical transfers. Nevertheless, we hope that the present work is a valuable step in this direction.

Introduction

The cathode GDL is considered as a key region for water management. In this layer the transports of the electrochemically produced water and the reactant gas are competing. It is tried to get the smallest amounts of liquid water inside the cathode GDL so that the reactant gas can easily cross the fibrous layer from the gas channel to the cathode CL. The transport of liquid water in such a fibrous material is controlled by capillary forces. Both the pore size distribution and the wettability of the fibrous material highly affect the liquid water transport.

For instance, regarding the wettability, it is preferred that GDLs are fully hydrophobic so that there is not too much liquid water into the porous media. It eases the reactant gas transfer to the CL. Initially, the first commercialized GDLs were hydrophilic made of hydrophilic carbon fibres. But today most of the currently commercialized GDLs are hydrophobic. The material is still made of carbon fibres but a coating of PTFE is deposited to make the surfaces of the pores hydrophobic. This was the first change in GDL wettability properties with an aim to improve the water management and the reactant gas access. Since, many other ideas have emerged to improve the liquid water transport in GDLs and avoid water flooding.

One first proposed solution has been to make holes along the through-plane direction in the hydrophobic GDLs. In theory, liquid water prefers invading large pores in fully hydrophobic porous media. As a consequence, these large holes perforated in a purely hydrophobic GDL would be preferential pathways for liquid water. This would permit to concentrate the liquid water in these through-plane pipes and the rest of the GDL would mainly remain dry to let the reactant gas diffuse. This solution has been tried in several experimental studies [1][2][3][4][5][6]. Laser perforation methods have been used to make the holes. Among the different studies, it has been tried to perforate the GDL only or the MPL+GDL assembly. Furthermore, different sizes of holes have been tested (80µm [1,2], 200µm [5], 300µm [3]) and one of the study has found an optimal diameter of 60µm [6]. In some studies the holes have been aligned below the channel region [1,2,6] while some others have created 2D grids of holes [3,5]. The impact of the presence of holes in the hydrophobic GDLs has been assessed by performing ex-situ experiments [4] or more generally in-situ experiments. Depending on the studies, the improvements have been assessed in terms of liquid water distribution and or polarization curves. All the studies come to the conclusion that the presence of holes in hydrophobic GDLs improves the performances of the fuel cell. The limiting current is reported to increase [1,2,6]. Furthermore, thanks to neutron radiography [3] or synchrotron radiography [5], the transport of the liquid water has been observed in operating fuel cells. The holes are reported to fulfil their role of preferential pathways. As theoretically expected, the liquid water prefers invading the large holes. Lee et al. [7] have modelled perforated GDLs using pore network approach. To the best of our knowledge, this is the unique modelling study that has been performed. They used a PNM which only considers the liquid water transport without phase change.

One second solution that has been experimentally tested to improve water management is the generation of GDLs with patterned wettability [8][9][10]. Hydrophobic GDLs were treated to make them partially hydrophilic. The obtained GDLs were made of hydrophilic strips separated by hydrophobic strips. These strips were aligned perpendicularly to the ribs and channels of the bipolar plate. The aim of this special design of wettability is to favour the liquid water displacement only in the hydrophilic strips in order to let the hydrophobic strips as dry as possible to ease the transport of the reactant gas within these strips. Different sizes of hydrophilic and hydrophobic strips have been tested. The patterned GDLs have been studied through ex-situ experiments and also in-situ experiments. A numerical model has recently studied this design of GDL [11]. It is a macro-homogeneous two-phase model. The aim of the model is to study the effect of the patterned wettability. However, the ability of a macrohomogeneous model to finely take into account the wettability of a thin porous material is limited.

In this chapter the idea is to study the different solutions previously introduced from a numerical point of view rather than an experimental one. Simulations have the advantage to permit to carry out extended parametric studies with no cost while experiments most of the time only assess the performances of a few solutions. In this study, the Mixed liquid-vapour Injection Pore Network Model (MIPNM) presented in Chapter 3 is used to study these solutions. This model had already been used to study the impact of the degradation of the wettability of GDLs for instance (see Chapter 5). The same operating conditions as in Chapter 5 have been considered in this study. They are recalled in Table 7.1.

Different improved GDLs have been studied in this work. Each is presented and discussed separately in the next sections.

Perforated hydrophobic gas diffusion layers

As previously said, the perforation of hydrophobic GDLs has been studied as a potential solution to improve water management in fuel cells. In this study, the MIPNM has been used to study the impact of the perforation of GDLs for different operating conditions (temperature of the fuel cell T bp , current density i and relative humidity of the reactant gas at the cathode RH c ).

The different cases simulated are recalled in Table 7.1.

Regime

Operating conditions 

T bp [ • C] i [A•cm -2 ] RH c [%]

Modelling perforated hydrophobic gas diffusion layers

There are different possible methods to model a perforated GDL. A special pore network can be generated with biggest pores in the locations of the through-plane holes. Depending on the diameter of the holes, it can be necessary to change the lattice spacing of the regular network or to build a non-regular network. This method can appear complex. A somewhat simpler solution is to keep the geometry of the pore network the same as if there was no hole and to play with the wettability of the elements of the network. In the location of a hole, if all the elements aligned in the through-plane direction (pores and z-throats) are set hydrophilic, then everything will happen as if there was an hydrophobic large hole from a liquid water invasion point of view. Indeed, water will prefer as much to invade the created hydrophilic elements of an initially purely hydrophobic network as to invade the created large hydrophobic elements of a purely hydrophobic network. In this study it has been chosen to generate hydrophilic tubes to mimic the role of large hydrophobic holes.

A network is defined by its density of holes:

f = N hole N x N y (7.1) 
The method to generate the pore network is the following. First, the geometry is generated (see Chapter 3 for more details). It is a moderately anisotropic pore network. Then the locations of the holes are randomly chosen in the entire surface of the GDL (both below the channel and below the rib). For every chosen location of hole (i,j) of the x-y plan, all the elements in the through-plane direction are set hydrophilic (the pores and the z-throats). All the other elements of the network remain hydrophobic. The wettability distribution of such a network is shown in Fig. 7.1 for a case with f =5%.

In order to study the impact of the presence of perforated holes in a hydrophobic GDL, different pore networks have been generated with f ∈[0%,5%,10%,20%]. The simulations have been repeated with two different geometrical realisations (spatial distribution of pore and throat sizes) and two different wettability realisations (locations of the hydrophilic tubes). For each geometry and each wettability distribution, three cases have been simulated (see Table 7.1).

Results

Water management

The liquid water distributions computed with the MIPNM for a given geometrical realisation are plotted for each case and each density of hole f for a unique geometry realisation in Fig. 7.2 (left). It appears clearly that the different operating conditions lead to different regimes. The overall saturation S, the saturation in GDL region located below the rib S rib and the saturation The overall saturation S slightly increases with f for the condensation cases. Initially, in the condensation regime a unique liquid cluster is formed below the rib. With a purely hydrophobic GDL without hydrophilic tubes (f =0%) the liquid cluster prefers invading through-plane neighbours. The presence of hydrophilic through-plane aligned tubes make the cluster prefer invading these tubes first. When the condensation-evaporation equilibrium is reached, it appears that there is more liquid water if hydrophilic tubes are present (f >0%). Globally, the averaged saturation (over all the geometrical and wettability realisations computed) in the whole GDL increases from S=0.23 for f =0% to S=0.29 for f =20%.

For the mixed regime cases, the presence of hydrophilic tubes permits to decrease the saturation both below the rib and below the channels. Globally, the averaged saturation in the whole GDL decreases from S=0.42 for f =0% to S=0.37 for f =20%.

For the pure liquid injection without phase change case, the presence of hydrophilic tubes permits to decrease the saturation in the GDL region below the channel S ch while the impact in the region below the rib is not clear. Globally, the overall saturation S decreases with f . In average, over all the realisations, it decreases from S=0.53 for f =0% to S=0.4 for f =20%.

To sum up, from a water management point of view, the presence of hydrophilic tubes in a hydrophobic GDL appears to be an advantage for the mixed regime and the pure liquid regime only. Basically, the hydrophilic tubes play their role of preferential pathways for the liquid water directly injected at the GDL-CL interface. The higher the density of hydrophilic tubes f , the lower the saturation S. However, for the condensation regime, the presence of hydrophilic tubes is rather detrimental as it increases the saturation below the rib. 

Reactant gas access

The gas access indicator τ already introduced in the study of the degradation of the wettability of GDLs has been used. τ can be seen as a saturation dependent tortuosity which permits to assess the reactant gas access from the channels to the CL. If τ =1, it means that the presence of liquid water in the GDL does not disturb the reactant gas access as the flow rate crossing the GDL-CL interface would be equal in the dry and wet GDLs. If τ <1, then the reactant gas access is disturbed.

τ has been assessed for each simulation. The values are plotted in Fig. 7.4 (left). It can be seen that τ is really close to 1 for the condensation regime. The presence of liquid water only in the region below the rib does not impact the reactant gas transfer. Therefore, the small increase of saturation S with f should have no impact on the reactant gas transfer. For the mixed regime and the pure liquid regime, the decrease of the saturation with f makes τ increase quite significantly. It can be expected that the presence of hydrophilic tubes would improve the performances of the fuel cell. What happens for these two last regimes is that the saturation significantly decreases in the first layers of pores, i.e close to the GDL-CL interface, when hydrophilic tubes are added to the hydrophobic GDL.

Discussion

The impact of the presence of hydrophilic tubes in hydrophobic GDLs has been studied for different liquid formation regimes. From a water management point of view, the presence of hydrophilic tubes has appeared as a drawback for the condensation regime and an improvement for the two other regimes. In particular, the saturation in the first layers of pores next to the GDL-CL interface decreases for the mixed regime and the pure liquid regime. This might be water management and reactant gas access. seen as a decrease in the risk of flooding of the fuel cell. Regarding the reactant gas access to the CL, the presence of hydrophilic tubes has appeared as a significant improvement for the mixed regime and the pure liquid regime. No improvement has been observed for the condensation regime. The reactant gas access remains good for this regime with or without hydrophilic tubes.

These conclusions are in agreement with the experimental results. Firstly, an experimental work using radiography to analyse the liquid water distribution has shown that the global saturation in the fuel cell could be higher in perforated GDLs than in virgin GDLs for some fuel cell's operating conditions [3]. These experimental observations of liquid water distributions could be in agreement with what has been obtained numerically for the condensation regime. Secondly, many experimental works have reported an increase of the fuel cell performances when using perforated GDLs which is in agreement with the evolution of τ with f for all the cases. In addition to that, Markötter et al. [5] reported from their experimental observations of liquid water distribution that some of the perforated holes stay empty during the operation of the fuel cell. Such empty large holes could play the role of preferential pathways for the reactant gas. This aspect cannot be taken into account in our simulations but one can assume that this phenomenon improves even more the performances of the fuel cell by improving the reactant gas access to the CL.

One questionable point is the impact of the density of liquid injection points α of the model. For all the simulations, it has been set to α=20%. Increasing α would have increase the role of the hydrophilic tubes. Indeed if the number of liquid injection points at the entrance of the network increases then it is more likely that the liquid clusters meet a hydrophilic tube. Actually, for high values of α the best solution would be met for low values of f . In such a case, all the liquid water would flow through the few hydrophilic tubes to exit in the channel.

In a majority of the experimental studies, the holes were only perforated under the channel. At some point this was a good idea as our simulations have shown that the through-plane hydrophilic tubes in the region below the rib did not permit to really decrease the saturation 7.3. Perforated two-layer gas diffusion layers under the rib. Another solution has been tested to improve the water management in the region below the rib. This solution is presented in the next section.

Perforated two-layer gas diffusion layers

The study of the impact of the perforation of hydrophobic GDLs has pointed out that this solution was not perfect. The perforation mainly permits to decrease the saturation of the water in the region below the channel. Reversely in the region below the rib, the use of a perforated GDL does not improve the results or even worsen them for some operating conditions. The perforation favours the transport along the through-plane direction but no exit can be found below the rib. This leads to the flooding of this region.

Based on these considerations, a new GDL has been designed. The perforated holes are kept to decrease the liquid water saturation in the region below the channel and in particular close to the GDL-CL interface. The main change is that the external surface of the GDL, i.e. the surface in contact with the ribs and channels, is not hydrophobized. The idea is to permit the liquid water formed by condensation below the rib to manage to exit the fuel cell in the channel rather than flooding the region below the rib.

In order to simulate this new design of GDL, networks with mixed wettability have been generated. The elements of the top layer of the network (pores and in-plane oriented throats) are all hydrophilic. The hydrophilic tubes are generated in randomly chosen locations by making hydrophilic all the elements in the through-plane direction (pores and through-plane oriented throats). The wettability distribution in such a network is shown in Fig. 7.5 for a density of hydrophilic tubes set to f =5%.

The same simulations as the ones performed for the perforated hydrophobic GDL have been performed in this study. Chapter 7. Tentative optimisation of the wettability properties of gas diffusion layers with respect to water management and reactant gas access.

Results

Water management

The liquid water distributions computed with the MIPNM for a given geometrical realisation are plotted for each case and each density of hole f in Fig. 7.2 (right). The overall saturation S, the saturation in GDL region located below the rib S rib and the saturation in the GDL region below the channel S ch have been computed for each simulation. They are plotted in Fig. 7.3 (right).

The comparison of the liquid water distributions obtained with the perforated hydrophobic GDL and the perforated two-layer GDL clearly shows the impact of the new design. The aim was to decrease the water saturation below the rib S rib .

For the condensation regime, the liquid water distribution is significantly changed. Only the top layers of pores are invaded. It leads to a significant decrease of the saturation S rib . The top layer of hydrophilic elements permits the liquid cluster to reach the GDL-channel interface. This is due to both the anisotropy of the GDL and the wettability. The unique liquid cluster formed by condensation at the top of the GDL below the rib preferentially invades the hydrophilic neighbours (hydrophilic through-plane oriented tubes or in-plane neighbours of the top layer). Among the hydrophilic neighbours, the liquid cluster preferentially invades the smaller in-plane neighbours rather than the larger through-plane neighbours. This is a consequence of the anisotropy of the material.

For the mixed regime, a decrease of the saturation below the rib can be noted. The saturation below the rib S rib is lower for the perforated two-layer GDLs than for the non-perforated fully hydrophobic GDL. This last case is shown with filled symbols at f =0% in Fig. 7.3. What happens is that the initial condensation cluster formed below the rib prefers to invade in-plane neighbours to reach the channels while the liquid water injected at the CL follows through-plane paths to reach the top hydrophilic layer.

For the liquid injection regime, the decrease of the saturation below the rib due to the presence of a top hydrophilic layer is significant. The impact of f on S rib remains limited. What happens is that the liquid clusters formed by the injection points follow through-plane direction to reach the top of the GDL. Once they reach this top hydrophilic layer, they do not try to invade through-plane neighbours anymore. It explains the decrease of the saturation in the GDL region below the rib.

Globally, the modification of the wettability of the top layer permits to decrease the saturation below the rib for all the regimes. It is particularly efficient for the condensation and the liquid injection regime. However, the saturation in the region below the channel S ch is not impacted by the presence of the hydrophilic top layer.

Chapter 7. Tentative optimisation of the wettability properties of gas diffusion layers with respect to water management and reactant gas access.

that have been treated to make hydrophilic strips of a certain width spatially repeated with a defined spacing between two of them. These strips are perpendicularly aligned to the ribs and channels. The wettability distribution of such a patterned wettability GDL with 3-pores-large hydrophilic strips (in red) separated by 5-pores-large hydrophobic strips (in grey) is shown in Fig. 7.6. We have decided to numerically study the water formation and transport in this special design of GDL by using pore network modelling. For a given region, all the elements (the pores and the throats in every direction) have the same wettability. For computational time reasons, only one hydrophobic strip and one hydrophilic strip have been generated for the simulated GDL unit cell. The pattern is assumed to be periodically reproduced by setting periodic boundary conditions in the y-direction of the GDL unit cell. The experimental conditions [10] have been simulated to check the ability of the current numerical model to reproduce them. Afterwards, numerical simulations have been performed to study many more cases.

Simulation of experimental cases

The numerical results have been compared to the experimental observations obtained during the operation of the fuel cell assembled with the special design of GDLs. We refer to the experimental results obtained without MPL. Experimentally it has been reported that the fact not to add the MPL was leading to even more significant impact of the hydrophobic strips on the liquid water distribution. Forner-Cuenca et al. have designed two different GDLs with patterned wettability. The first one referred to as "patterned 500" is made of 500µm large hydrophilic strips separated by 930µm large hydrophobic strips and the second "patterned 250" is made of 250µm large hydrophilic strips separated by 1000µm hydrophobic strips. They also conducted their experiments with purely hydrophobic commercial GDLs.

The MIPNM has been used for this study. The simulations done are reported in Table 7.2. 7.2: Experimental conditions from Forner-Cuenca et al. [10] simulated using the MIPNM.

Operating conditions Wettability

T bp [ • C] i [A•cm -2 ] RH c [%]
The three cases at low relative humidity RH c =30% have not come to the expected result as the simulations predict that the GDL should remain dry while the experimental observations show the presence of liquid water in the fuel cell. This non-agreement can be attributed to the non preliminary calibration of the model parameters. In the simulations the heat has been reduced (γ=0.1) as it had been necessary in Chapter 3 for the simulation of the experimental conditions of Eller et al. No further calibration has been done.

Reversely the simulations of the three different GDLs at high relative humidity (RH c =100%) give interesting results. The liquid water profiles along the y-direction are given in Fig. 7.7. The profiles of the saturation in the region below the rib are plotted in black and the ones for the saturation in the region below the channel are plotted in red. The dotted lines are the averaged values S rib and S ch obtained with the hydrophobic GDL. They are reported in all the figures. Finally, the hydrophilic region along the y-direction is shown with a blue rectangle.

When simulating the operation of a fuel cell with a wettability patterned GDL, it can be seen that the liquid water profile along the y-direction is impacted.

With the "patterned 250" GDL, the water saturation reaches almost 1 in the hydrophilic rib region which means that the GDL is saturated. This value is significantly higher than the saturation in the region below the rib obtained with a hydrophobic GDL (averaged value: 0.36). On the contrary, the saturation in the hydrophobic rib region of the patterned GDL (averaged value: 0.28) is lower than the saturation in the region below the rib in a purely hydrophobic GDL (averaged value: 0.36). To a minor extent, it can be seen that the water saturation is higher in the hydrophilic channel region (averaged values: 0.33) than in the hydrophobic channel region (averaged values: 0.18). Whatever the region of the patterned wettability, the saturation in the region below the channel is always higher than the one obtained with a hydrophobic GDL (averaged value: 0.17).

With the "patterned 500" GDL, the water saturation reaches high saturation level in the hydrophilic rib region (averaged values: 0.77). This value is significantly higher than the saturation in the region below the rib obtained with a hydrophobic GDL (averaged value: 0.36). On the contrary, the saturation in the hydrophobic rib region of the patterned GDL (averaged value: 0.28) is lower than the saturation in the region below the rib in a purely hydrophobic GDL (averaged value: 0.36). The numerical results do not show significant change water management and reactant gas access.

in saturation between the hydrophilic and the hydrophobic channel region (averaged value: 0.19 in the hydrophilic region and 0.18 in the hydrophobic region). The levels of saturation in the region below the channel remain in the same order as the one obtained with a purely hydrophobic GDL (averaged value: 0.17).

Some of these results are in good qualitative agreement with the experimental data. Firstly, it has been reported that the hydrophilic rib regions were more saturated than the hydrophobic rib region. However, the experimental results do not show full saturation with the "patterned 250" GDL. Secondly, it can be seen from the experimental results that the saturation in the hydrophobic rib region of a patterned GDL (especially for the "patterned 500" GDL) is lower than the saturation in the region below the rib of a purely hydrophobic GDL. This result is also obtained from the numerical simulations.

However, some disagreements between the experimental observations and the numerical results need to be stressed. Firstly, the experimental observations show that the change in saturation between the hydrophobic and the hydrophilic rib region is more significant with the "patterned 500" GDL rather than with the "patterned 250" while the reverse result is obtained from numerical simulations. Secondly, it was also reported from the experimental results that the saturation in the region below channel is lower with a patterned GDL than with a purely hydrophobic GDL. Unfortunately, the numerical results does not clearly show it.

While the improvements are less significant with the numerical simulations, still it can be conclude that the numerical results obtained with the developed model are qualitatively in good agreement with the results obtained by Forner-Cuenca. To go a step forward, this design of patterned GDL has been studied through a large number of simulations. First, the experimental work of Forner-Cuenca et al. [10] only focused on operating conditions corresponding to the mixed regime. In this numerical work it has been decided to simulate operating conditions leading to the condensation regime also. Furthermore, the historical model of liquid injection without phase change has also been used. The corresponding operating conditions (T bp , i, RH c ) for all these simulations are recalled in Table 7.1. Furthermore, while Forner-Cuenca et al. only tested two designs of patterned wettability GDLs, the simulation of many more designs has been conducted. A parametric study has been launched with the two following parameters: the width of the hydrophilic strip and the width of the hydrophobic strip separating two hydrophilic strips (see Fig. 7.6). Let's call L w the width of the hydrophilic strip and f the fraction of hydrophilic elements in the GDL, or the hydrophilic area of the GDL in this case. Then the hydrophobic width L nw can be calculated from the expression:

f = L w L w + L nw (7.2)
For every operating condition, the simulation has been repeated with five different values of f [0%,25%,50%,75%,100%] and three values of width of hydrophilic strip L w [120µm,200µm,320µm]. It leads to 15 simulations for each operating case. These values of f and L w remain realistic as the "patterned 250" would correspond to (f =20%, L w =250µm) and the "patterned 500" to (f =35%, L w =500µm). The simulations have been repeated with three different geometrical realisations.

Results

For each simulation, the saturations in the entire GDL S, in the hydrophilic region S w and in the hydrophobic region S nw have been assessed. For each regime, the values of the saturation are reported in Fig. 7.8. A given point is defined by f (x-axis of the plot) and L w . The black circles represent the cases with L w =120µm, the red squares are for the cases the cases with L w =200µm and the blue triangles are for the cases with L w =320µm.

Globally, no clear impact or trend of the width of the hydrophilic strip L w is observed for each regime.

For the three regimes, it can be observed that the saturation in the hydrophobic region of patterned wettability GDLs is always lower than the saturation obtained in a purely hydrophobic region. This first goal is fulfilled. Furthermore, it can be noticed that S nw decreases with f for all the regimes. Reversely, in most cases the saturation of the hydrophilic region is higher than the saturation obtained with a purely hydrophobic GDL. It can be noticed that it is not the case of high f in the condensation regime (especially for f =100%). These competing trends make the overall saturation in the entire GDL S being lower than the one obtained with a purely hydrophobic GDL for some cases (condensation regime f =25% and f =100%), or almost the same (mixed regime and liquid injection regime with f =25%) but in most cases with patterned wettability GDLs S is higher. Globally, it is difficult to come to a conclusion regarding the water management with this new design of GDL. Still, the global aim of decreasing the saturation in the hydrophobic region is fulfilled. As for the previous studies, the indicator of reactant gas access τ has been assessed for all the simulations. The values are reported in Fig. 7.9. For all the condensation regime cases, τ is quite high (close to 1). τ globally increases with f . The reactant gas access will not be disturbed for this regime. For the mixed regime, τ tends to decrease with f . The decrease is significant for some simulations at high f . So it appears that the decrease of the saturation of the hydrophobic region does not balance the impact of the increase of the saturation in the hydrophilic region. Globally, the simulations predict that the performances of the fuel cell should decrease when using this new design of GDL. For the liquid injection cases, there is no clear trend of τ with f . For all the values of f , τ is higher for some cases and lower for some others. Better results would have been expected as the saturation in the hydrophobic region has been observed to significantly decrease with f for this regime. However, the impact on τ is not as good as expected.

Conclusion

The use of GDLs with hydrophilic strips has been tested. The liquid water distribution has been computed with the MIPNM for different regimes. The impact on the liquid water saturation and on the reactant gas access of the width of the hydrophilic strip L w and the fraction of hydrophilic elements f has been studied.

The impact of the presence of hydrophilic strips on the saturation in the hydrophobic region S nw is clear: S nw is lower than the saturation obtained with a purely hydrophobic GDL. But this decrease leads in most cases to an increase of the saturation in the hydrophilic region S w compared to the saturation obtained with a purely hydrophobic GDL. Also, for all the regimes, the impact of f has been pointed out : S nw globally decreases with f . Unfortunately, no clear impact has been highlighted for L w .

The assessment of the reactant gas access permits to come to clearer conclusions regarding the expected improving of the performances of the PEMFC. For the condensation regime, no improvement is expected. For the mixed regime, this new design of GDL would reduce the performances. This is really problematic as the reactant gas access issue is more problematic for this regime.

To conclude, this parametric study shows that the situation is more complex than anticipated due to the existence of the various pore filling reigmes. As a result, it is difficult to deliver global advice regarding the design (L w and f ) of the patterned wettability GDLs. A larger parametric study might help (more values of L w and f and more geometrical realisations tested). More importantly, it has shown that the new design might degrade the performances of the PEMFC for the mixed regime which is the most detrimental. water management and reactant gas access.

Conclusions

In this chapter, it has been tried to use the MIPNM to study the impact of new designs of GDLs. The fact that the MIPNM is able to study the liquid water formation and transport in mixed-wet networks has been useful. The MIPNM permits to simulate different regimes. Furthermore, it is convenient to launch parametric studies with the MIPNM.

For each solution tested, the respective main objective has been observed thanks to the numerical results: the presence of holes in a hydrophobic GDL permits to reduce the saturation, the presence of a top hydrophilic layer permits to decrease the saturation in the region below the rib and GDLs with hydrophilic strips permit to decrease the saturation in the hydrophobic region.

However, the improvements observed were quite limited for some cases (the reduction of the saturation in the presence of holes was quite small for instance for the mixed regime and the liquid injection case) and some drawbacks have been noted sometimes (the reactant gas transfer will be degraded despite the decrease of the saturation in the hydrophobic region in GDLs with patterned wettability).

In short, the existence of different pore filling regimes must be taken into consideration in the GDL design. A design efficient for some conditions can be much less efficient for other conditions leading to a different regime (condensation vs mixed regime for instance). In other words, our simulations suggest that care should be exercised when a conclusion on a particular design is reached from a limited number of experiments. Improvements of performance for some conditions does not mean that the improvements is warranted for all conditions.

Chapter 8

Study of the impact of the anode operating conditions on the liquid water distribution in the cathode gas diffusion layer 

Introduction

The Mixed Injection Pore Network Model (MIPNM) presented in Chapter 3 computes the liquid water formation and transport in the cathode gas diffusion layer (GDL). The inputs of this model are the temperature of the fuel cell (FC) T bp , the current density i and the relative humidity of the reactant gas supplied at the cathode RH c . However, the operating conditions at the anode and more specifically the relative humidity of the reactant gas supplied at the anode is not taken into account.

Many experimental works have been dedicated to the observation of the liquid water distributions in cathode GDLs of operating FCs using X-Ray tomographic microscopy or neutron radiography. One can refer to chapter 2 for more details. Among these experimental works, one in particular has studied the impact of the relative humdities of the reactant gas at both the anode and cathode sides. In their article [1], Oberholzer and Boillat show the liquid water distribution in all the components of the anode-cathode assembly (gas channels, GDLs, CLs and membrane) for different operating conditions. In particular, for a given current density i = 1 A•cm -2 and a given temperature T = 70 • C they have varied the relative humidities at both the anode and cathode sides. The liquid water distributions obtained are presented in Fig. 8.1. These observations show that for a given relative humidity RH c of the gas flowing at the cathode (a given row in Fig. 8.1) the relative humidity RH a of the gas flowing at the anode has an impact on the liquid water distribution in the cathode GDL. Globally, the higher RH a , the higher the water saturation in the cathode GDL. For instance, for RH c = 80%, the cathode GDL remains dry for RH a = 0%. Then liquid water appears only in the region below the ribs for RH a = 40%. Finally, for RH a ≥ 80%, liquid water can be observed in all the regions of the cathode GDL both below the ribs and below the channels.

This observed impact of the anode operating conditions could not be taken into account with the MIPNM. To do so, a whole anode-cathode assembly model is necessary. Several numerical models only considering continuum approach have modelled the whole anode-cathode assembly [2][3][4][5][6]. While the pore network approach is preferred for the modelling of the cathode GDL, the continuum approach appears more convenient for the other components. The CL can be considered as a porous material but its quite fine microstructure would require the generation of really big pore networks to model it. Furthermore, the phenomena happening in the membrane are really specific: the electro-osmotic drag makes the water move from the anode side of the membrane to the cathode side of the membrane while the back-diffusion can make the water move in the opposite direction [2]. For these reasons, it has appeared more convenient to use the continuum approach for these components. However, these models are limited and are not able to predict the 3D liquid water distribution in the cathode GDL which is of great interest regarding the water management issue. Only a limited number of works have developed a whole anode-cathode assembly model able to predict the liquid water distribution in the cathode GDL. Zenyuk et al. [7] have coupled Pore Network approach to model the GDL with a continuum approach to model the other components of the assembly. Their PNM is able to simulate vapour transfer, liquid water transport and phase change. However, they have not studied the impact of the anode operating conditions in the work they presented [7]. The team of Gostick [8] has also developed a full anode-cathode assembly using PNM. However, their model does not really simulate the liquid water formation. They just assume that 10% of the GDL pore volume is filled with liquid water. The work of Ferreira et al. [9] which couples 1D continuum approach with saturation model for the cathode GDL can also be mentioned. The saturation model is based on Darcy's law and rises again the question of the applicability of macrohomogeneous model to thin media such as the GDL. From this review it appears that only the model developed by Zenyuk et al. [7] could be able to study the impact of the anode operating conditions on the liquid water distribution in the cathode GDL.

In the present chapter, the impact of the anode operating conditions on the liquid water distribution in the cathode GDL is studied. The issue is explored by using the MIPNM in a first step. This PNM of the cathode GDL is then coupled with a full anode-cathode assembly 1D model in a second step. the cathode gas diffusion layer

First insights from the MIPNM

The Mixed liquid-vapour Injection Pore Network Model computes the liquid water formation and transport in the cathode GDL of PEMFC. The following phenomena are considered: heat transfer, water vapour diffusion, liquid-vapour phase change, capillary controlled liquid displacement. One can refer to chapter 3 for more details. The inputs of the model are the following operating conditions: the temperature at the BP T bp , the current density i and the relative humidity of the reactant gas in the cathode channel RH c . The voltage is also an input of the model coming from experimental polarization curves. Three parameters permit the calibration of the model: the density of liquid injection points α which mimics the role of the non-modelled Micro Porous Layer located between the CL and the GDL, the fraction of produced water going to the cathode side β and the fraction of released heat going to the cathode side γ.

As a first step to study the impact of the anode operating conditions (RH a ) on the liquid water distribution in the cathode GDL, it has been tried to play with the parameters of the MIPNM in order to mimic the change in RH a . The fraction of produced water going to the cathode side β is a relevant parameter to mimic the role of RH a in the change of liquid water distribution at the cathode side. Indeed, it can be suggested that the quantity of produced water going to the cathode side increases when RH a increases. Furthermore, the fraction of heat going to the cathode side γ could be a second relevant parameter to take into account the impact of RH a in the cathode GDL PNM. It can be seen in Fig. 8.1 that depending on the values of (RH a , RH c ), there can be liquid water nowhere, or only in the cathode side, or in both the anode and the cathode sides. This change in liquid water distribution in the whole anode-cathode assembly might impact the balance between the fraction of heat going to the cathode side and the fraction of heat going to the anode side. The density of liquid injection points α can impact the liquid water distribution in the cathode side. However, in this study it has not been tried to play with this last parameter. It has been shown in chapter 3 that α = 20% is a reasonable value for simulating in-situ experimental operating conditions. During this study, this value remains fixed.

Presentation of the study

The operating conditions of the experiments performed by Oberholzer and Boillat [1] are set as inputs of the MIPNM. The values set for all the simulations are recalled in The following values of γ have been tested: [0.1, 0.2, 0.3, 0.4, 0.5, 0.6]. γ=0.5 means that half of the heat released goes to the cathode side. Lower values of γ mimic the fact that a part of the heat could be extracted by the cooling system (typically there is a cooling system in "synchrotron" fuel cells [1,10,11]). Values of γ slightly greater than 0.5 mimic the fact that depending on the liquid water distribution in the anode-cathode assembly an asymmetry of the heat flux should exist.

The main objective of this study is to observe for each given RH c the transition in water distribution in the cathode GDL: from the dry regime for which the GDL is totally dry, to the condensation regime for which liquid water is only present in the region below the rib, and finally to the mixed regime for which liquid water is present in the regions both below the rib and the channels. The first thing to notice is the fact that β cr decreases with RH c for a given value of γ. It means that the lower is RH c , the higher the quantity of water going to the cathode side necessary to the occurrence of liquid water in the cathode GDL. Especially, it is interesting to see that for low values of RH c (see cases RH c ≤ 40% for γ=0.5), the MIPNM predicts that β cr needs to be higher than 1.0 to be in the wet regime. In other words, it is necessary that the quantity of water going to the cathode side is higher than the quantity of water produced by the electrochemical reaction to get liquid water in the cathode GDL.

Results

A second interesting result is that for a given value of RH c , β cr decreases when γ decreases. This is somewhat expected as a reduced heat flux will lead to a less significant warming of the GDL which consequently favours the condensation of water vapour. For γ=0.1 and RH c =100%, β cr is quite small which means that the presence of liquid water in the cathode GDL is certain, whatever the imposed relative humidity of the reactant gas at the anode RH a .

Globally, this first work permits to validate the objectives. First, it is possible to get a transition from the dry regime to the wet regime by changing the parameters of the MIPNM (β, γ). Furthermore, for a given RH c it is possible to move from one liquid water scenario to another. For instance, for γ=0.50 and RH c =100% (see Fig. 8.2.a), it leads to the condensation scenario with liquid water only below the rib for β=0.5 while it is possible to reach the mixed regime for β=1.5. Also, it is possible to transit from the condensation scenario to the mixed scenario by decreasing γ (see RH c =100% and β=0.5 for γ=0.5 and γ=0.1).

These first results are quite encouraging concerning the ability of the MIPNM to take into account the anode operating conditions through its parameters. However, one can wonder if the quite high values of β needed to the occurrence of liquid water for RH c =0% or also the low values of γ explored have a physical meaning or not. In order to validate it, a full anodecathode model has been developed. This model solves the heat and vapour transfers in the full anode-cathode assembly. The model is presented in the next section.

Full anode-cathode assembly 1D model coupled with the MIPNM

The only way to take into account the anode operating conditions (RH a ) is to develop a full anode-cathode assembly model. As already explained in the introduction, such models have already been developed. However, most of these models are based on the continuum approach and therefore do not permit to compute the exact liquid water distribution in the cathode GDL.

To the best of our knowledge, only the model developed by Zenyuk et al. [7] coupling continuum approach with pore network approach would be able to compute the liquid water distribution in the cathode GDL. As mentioned before, the impact of the anode operating conditions on the liquid water distribution in the cathode GDL has not been studied using this model yet.

The MIPNM has shown its ability to simulate accurately the liquid water distribution in the cathode GDL for a wide range of operating conditions. Therefore, the idea was to keep using this model for the resolution of the liquid water formation and transport in the cathode GDL and to couple it with a full anode-cathode assembly model. The full anode-cathode assembly model which has been developed solves the heat and water transfers using a 1D continuum approach. The 1D model and its coupling with the MIPNM are presented in detail in the next subsections. Then the results obtained are shown. A. BP 

Full anode-cathode assembly 1D model

δ ch 600 µm λ th,BP -GDL 0.85 W•m -1 •K -1 A. GDL δ GDL 200 µm D * GDL,a 7.43 × 10 -6 m 2 •s -1 λ th,BP -GDL 0.85 W•m -1 •K -1 A. CL δ CL 10 µm D * CL,a 4.5 × 10 -7 m 2 •s -1 [12] λ th,CL 0.27 W•m -1 •K -1 [13] MEM. δ m 18 µm D m 2.5 × 10 -10 m 2 •s -1 [2] λ th,m 0.25 W•m -1 •K -1 [14] n drag 2.5 [9] ρ m 1970 kg•m 3 [9] M m 1.1 kg•mol [9] C. CL δ CL 10 µm D * CL,c 4.5 × 10 -7 m 2 •s -1 [12] λ th,CL 0.27 W•m -1 •K -1 [13] C. GDL δ GDL 200 µm D * GDL,c 2.05 × 10 -6 m 2 •s -1 λ th,BP -GDL 0.85 W•m -1 •K -1 C. BP δ ch 600 µm λ th,BP -GDL 0.85 W•m -1 •K -1

Water transfer 1D model

Only the transfer of water in vapour phase is considered in this work. This assumption can be made when the operating conditions of the fuel cell lead to the dry regime for which the cathode GDL remains dry or also for the wet condensation regime for which the vapour is transferred to the cathode GDL in vapour phase and the formation of liquid water is due to condensation. The transfer problem is sketched in Fig. 8.3. Depending on the layers, different phenomena are taken into account.

For the GDLs and the CLs, the water vapour is transferred by diffusion. The problem to solve is:

∇ • (N dif i,j ) = S i,j (8.1) 
where S i,j is the local source term in the considered layer and N dif i,j is the diffusive flux of water vapour which can be expressed:

N dif i,j = -D * c(x i -x j ) δ (8.2)
where D * is the effective diffusion coefficient, c = P ref RT bp is the mole concentration of the gas phase defined at the BP temperature T bp , x i is the molar fraction of water vapour and δ is the thickness of the layer. For each layer, the effective diffusion coefficients D * have been calculated from binary gas diffusion coefficient D considering air and water vapour at the cathode and hydrogen and water vapour at the anode at the given operating conditions (T bp , P ). D * = τ D where τ can be considered as a tortuosity coefficient. For the CLs, τ =1 as the values are directly provided by experimental measurements. For the GDL, τ takes into account both the microstructure of the GDL and the rib/channel geometry of the BP. Indeed, this geometry impacts the global diffusion of water vapour as the pathways to reach the catalyst layer located below the rib from the channel are longer than the pathways to reach the catalyst layer below the channel. This phenomenon is illustrated by the computation of the water vapour molar fraction in the GDL unit cell when imposing x=0 at the GDL-channel interface and x=1 at the GDL-CL interface (see Fig. 8.4). For this study, τ has been set to 0.12. This value has been obtained from both pore network modelling and continuum modelling (using COMSOL Multiphysics) of a dry GDL unit cell. The value of the effective diffusion coefficient will not be changed in the event of presence of liquid water in the cathode GDL for simplicity. This assumption will be discussed later. For the transfer of water in the membrane, Weber and Newman have reviewed the different models existing [15]. Either the membrane is treated as a single phase as in diffusive models or the membrane is considered as a two phases system as in the hydraulic model. It is advised to prefer diffusive models when the membrane is not fully hydrated. One of the first models which has considered this option is the one developed by Springer et al. [2]. In this model, the electro-osmotic drag and the back-diffusion are considered and the water flux in the membrane can be expressed as:

N m = N drag + N bdif (8.3)
where N drag is the electro-osmotic drag flux and N bdif is the back-diffusion flux.

The electro-osmotic drag permits to take into account the phenomenon which makes water move through the membrane from the anode side to the cathode side in order to help the transfer of proton in this direction. This flux is a function of the water content in the membrane [2]. It is quite difficult to define a value of water content for the whole membrane. It has been decided to take the mean value of the water content computed at the CL-membrane interface between the anode side λ H 2 O,a and the cathode side λ H 2 O,c . Such an assumption has recently been made by Dujc et al. [16]. The electro-osmotic drag flux N drag is expressed as:

λ H 2 O,m = λ H 2 O,a + λ H 2 O,c 2 
N drag = n drag λ H 2 O,m 22 2 i 2F (8.5)
where n drag is the drag coefficient, i.e the number of molecules of water dragged per proton, and F is Faraday's constant. i 2F is the flux of water produced by the electrochemical reaction which is also the flux of H 2 consumed by the electrochemical reaction. The factor 2 comes from the fact that the flux of proton H + is twice the flux of H 2 .

The back-diffusion permits to take into account the difference in water content between the anode and cathode sides of the membrane. It is common to express it as [2][3][4][5]16]:

N bdif = -D m ρ m M m λ H 2 O,c -λ H 2 O,a δ m (8.6)
where D m is the diffusion coefficient of water in the membrane, ρ m is the dry membrane density, M m is the membrane molecular weight and δ m is the thickness of the membrane. The diffusion coefficient of water in the membrane is actually water content dependent [2]. However, as this model is at first step of development, it has been chosen to set D m constant.

The water content is calculated at the CL-membrane interface at the anode and cathode sides using the sorption relation experimentally obtained by Hinatsu et al. at 80 where x i is the water vapour molar fraction, P vs is the saturation pressure and T is the local temperature at the interfaces computed by the heat transfer 1D model.

In the cathode CL, the water produced by the electrochemical reaction is modeled as a source term:

S w = i 2F (8.8)
The inputs of the 1D model are the current density i and the relative humidities of the reactant gas at the anode and the cathode, RH a and RH c respectively (see Fig. 8.3). All the parameters for all the layers are given in Table 8.2.

The water transfer problem is a non linear system of equations. This is due to the fact that the water flux in the membrane N m is a function of the water contents at the interface between the CL and the membrane λ • The exact solution should respect N m = N CL,a and N m = N CL,c . For each pair of (RH m,a ,RH m,c ) the relative error is assessed:

ξ = |N m -N CL,a | + |N m -N CL,c | |N m | (8.9) 
• The pair of (RH m,a ,RH m,c ) minimizing the relative error is chosen if the relative error is small enough (ξ < 1e-2). If it is not, then it means that no solution can be found under the assumption of water transferred in vapour phase.

Heat transfer 1D model

The heat transfer problem is solved in the whole anode-cathode assembly as shown in Fig. 8.3. The heat is transferred through the layers by heat conduction. Fourrier's law is solved:

∇ • (λ th ∇T ) = S (8.10)
where λ th is the thermal conductivity in the through-plane direction of each layer and S is the source term which must not be confused with the overall liquid water saturation in the cathode GDL.

The values of the thermal conductivities of each layer are reported in Table 8.2.

One assumption made for the computation of the thermal conductivity needs to be explained. The temperature distribution in the BP and the GDL when applying a thermal gradient of 10 • C is plotted in Fig. 8.5. It can be seen that the temperature distribution is significantly impacted by the rib/channel geometry of the BP. This is due to the fact that the thermal conductivity of the gas in the channel is order of magnitudes lower than the thermal conductivity of the rib.

In order to take into account this 2D impact on the 1D model, it has been decided to define a global 1D thermal conductivity of the BP-GDL assembly: λ th,BP -GDL . The global thermal conductivity is computed by solving the 3D heat transfer problem in the GDL unit cell and the adjacent BP using the MIPNM. This is explained further below (see Eq.8.15). It permits to take into account the rib/channel effect. Furthermore, this thermal conductivity is dependent on the liquid water distribution of the GDL. In Table 8.2, the values of λ th,BP -GDL reported are the ones obtained assuming the GDL is dry. The presence of liquid water in the GDL increases the thermal conductivity. Joule heating is considered in the membrane only. This assumption can be made because of the different orders of magnitude between the electrical conductivity of the GDL or CL and the one of the membrane [8]. Joule heating is expressed as:

S J = U i (8.12)
As boundary conditions of the heat transfer problem, the temperature at the BP is set to T bp . This temperature is set at the interface between the channel and the BP as depicted in Fig. 8.3. It is assumed that the thermal conductivity of the BP is high enough to have a uniform temperature field inside.

Coupling the 1D model with the MIPNM

The algorithm of the coupling between the 1D model and the MIPNM is described below. A schematic of the coupling between the full anode-cathode assembly 1D model and the cathode GDL MIPNM is shown in Fig. 8.6.

The inputs of the coupled model are: the temperature at the BP T bp , the current density i, the voltage U , the pressure P and the relative humidities of the reactant gas at the anode and the cathode, RH a and RH c respectively.

Concerning the voltage, the data is provided by Oberholzer and Boillat [1]. In what follows, if not specifically mentioned, the value of the voltage is set to: U = 0.54 V.

Algorithm of the coupled model

Step 0 Initially, the GDLs are assumed dry.

Step 0 bis The thermal conductivities λ th,BP = λ th,GDL at the cathode side are assessed for the initial dry condition.

Step 1 The heat transfer 1D model is solved. The temperature field along the full anodecathode assembly is computed. From this temperature field, the fraction of heat going to the cathode side γ is assessed:

γ = λ th,BP -GDL,c T CL-GDL,c -T bp δ GDL + δ BP 1 S r + S J (8.13) 
where T CL-GDL,c is the temperature at the cathode CL-cathode GDL interface.

Step where x CL-GDL,c is the water vapour molar fraction at the cathode CL-cathode GDL interface and x GDL-BP,c is the water vapour molar fraction at the cathode BP-cathode GDL interface.

Step 3 The water formation and transport in the cathode GDL is computed with the MIPNM. The value of γ assessed in step (1) and β assessed in step (2) are used as input parameters.

Step 4 The thermal conductivities λ th,BP -GDL,c at the cathode side are assessed considering that the cathode GDL is not dry (the anode GDL is always considered dry and the water formation and transport is not solved):

λ th,BP -GDL,c = γ(S r + S J ) δ GDL + δ BP T mean,CL-GDL -T bp (8.15) where T mean,CL-GDL is the mean value of the temperature at the cathode CL-cathode GDL interface computed by the MIPNM in the wet GDL. 

Results

The experimental conditions of Oberholzer and Boillat [1] presented in section 8.2 have been simulated using the coupled model. The operating conditions reported in Table 8.1 are: a temperature T bp = 70 • C, a current density i = 1 A•cm -2 and a pressure P = 2 bar. All the pairs of (RH a ,RH c ) in the range [0%, 40%, 80%, 100%] have been simulated.

The objective of this study is to validate the coupled model concerning its ability to take into account the impact of the anode operating conditions on the liquid water distribution in the cathode GDL. For all the cases shown with a green background in Fig. 8.7, the coupled model predicts dry/wet regime in agreement with the experimental data. However, for a given value of RH c the developed coupled model does not always separate the dry and wet regimes accurately. For RH c =0% and RH c =40% a disagreement in terms of dry/wet regime between the numerical result from the coupled model and the experimental data is obtained for the intermediate values of RH a =80% and 40% respectively. The background of these cases is in orange in Fig. 8.7. For these cases, it has been tried to modify the value of the voltage U . The simulation has been run with the exact value of U reported by Oberholzer and Boillat [1] for each respective operating condition. One could hope that the impact of U on the heat transfer problem might resolve the disagreement observed between the numerical results and the experimental data. However, it has not been successful. Still this try has shown that β increases with U .

Finally, the convergence of the coupled model is highly operating conditions dependent. For all the conditions leading to the dry regime, the question does not arise. However, for some of the conditions leading to the wet regime, it can be more complicated. Especially, it has been the case for (RH a =40%,RH c =100%). The iterative algorithm has provided solutions oscillating between two results and has never converged. The main outputs and criteria of convergence of the model (γ, β, S, , ξ, λ th , τ ) have been assessed at each iterative step and their evolution is plotted in Fig. 8.8 for this non-converging case (RH a =40%,RH c =100%) and the wet converging case (RH a =100%,RH c =0%). It can be seen that the overall saturation S oscillates between 0.12 and 0.22. Also, it can be noted that after the first iterative step the water transport 1D model is not converging anymore (ξ ≥ 1e-2). This is the only wet case for which the convergence of the water transport 1D problem is problematic. The result that has been chosen as the best solution is the one for which , i.e the gap between two iterative solutions, was the lowest. For the other wet regime conditions, the convergence of the iterative algorithm has been much simpler. Only a few iterative steps are necessary to converge (see the case (RH a =100%,RH c =0%) in Fig. 8.8).

As already explained, it has been chosen to keep the tortuosity coefficient τ constant. After each iterative step, the value of τ has been assessed to see the impact of the presence of water. The evolution of τ is shown in Fig. 8.8 for two simulated cases. It can be checked that the value of τ assessed in the presence of water remains close to its fixed value 0.12. The assessment of τ has been done for each simulated case and it has been obtained that τ remains in the range [0.11, 0.13]. It permits to validate our assumption.

Conditions leading to the dry regime

For all the conditions (RH a ,RH c ) leading to the dry regime the computed value of γ is the same as the cathode GDL remains dry and therefore the thermal conductivity of the cathode GDL is the same for all these cases. It is interesting to notice that the heat transfer 1D model predicts that 51.6% of the heat is going to the cathode side. It reveals a slight asymmetry which is not taken into account in most other models.

For a given value of RH c , β increases with RH a . This result is logical. The water mass balance makes more water going to the cathode side when the relative humidity at the anode side increases. Reversely, β decreases with RH c for a given value of RH a . This result can also be understood from water mass balance. Furthermore, it is interesting to notice that β can be higher than 1 which means that the flux of water going to the cathode side is greater than the quantity of water produced by the reaction (see RH c =0% and RH a =40%).

Conditions leading to the wet regime

The following five conditions lead to the wet regime: (RH a =100%,RH c =0%), (RH a =80%, RH c =40%), (RH a =100%, RH c =40%), (RH a =40%,RH c =80%) and (RH a =40%,RH c =100%). For all the cases, the coupled model predicts the presence of liquid water only in the cathode GDL region below the central rib. This liquid water is formed by condensation of water vapour in that region which is the coldest region of the cathode GDL unit cell. The overall liquid water saturation S is highly operating conditions dependent. S is considerably smaller for (RH a =100%,RH c =40%) than for (RH a =40%,RH c =100%). Only for (RH a =100%,RH c =40%), the levels of liquid water saturation obtained with the coupled model seems in quantitave agreement with the measurements of Oberholzer and Boillat [1]. For the other cases, the levels of water saturation in the cathode GDL predicted by the coupled model are lower than the experimental ones.

The presence of liquid water in the cathode GDL impacts the heat transfer. First, the assessed equivalent thermal conductivity of the cathode GDL increases when liquid water is present. This can be seen in Fig. 8.8. Secondly, the fraction of generated heat going to the cathode side γ increases when liquid water is present. For (RH a =100%,RH c =40%), the model predicts that 57.14% of the heat is going to the cathode side which is higher than what is predicted for the dry regime (51.60%). It has been calculated that γ would reach 70% if the cathode GDL is totally flooded (S=1). The temperature profiles computed from the coupled model for the dry solution (RH a =0%,RH c =0%) and the wet solutions (RH a =0%,RH c =100%) and (RH a =100%,RH c =40%) are plotted in Fig. 8.9. These profiles highlight the impact of the presence of liquid water on the heat transfer when the cathode GDL contains liquid water. The first impact on the temperature profile is that the increase of the assessed equivalent thermal conductivity in wet regimes makes the temperatures being lower in the whole anode-cathode assembly than the ones computed for conditions leading to the dry regime. The second impact on the temperature profile is that the increase of γ with the presence of liquid water makes the temperature profile more asymmetric in conditions leading to the wet regime than in conditions leading to the dry regime.

Conclusion

The developed coupled model is not able to make accurate predictions on whether the conditions (RH a ,RH c ) will lead to the dry or wet regime for all the cases simulated. Actually, it makes quite good predictions for most cases but it has trouble to predict exactly the dry-wet regime boundary for some low values of RH c . At some point this lack of accuracy can be understood as the full anode-cathode model is quite simple. For instance, it is only a 1D model while it is known that the rib/channel geometry would require at least to be modelled in 2D. However, for the conditions for which it manages to predict the regime in agreement with the experimental data, the model clearly shows the impact of the anode operating conditions RH a on γ, β and S. These observations invite us to reconsider the previously developed cathode GDL MIPNM in order to implement the role of RH a . Furthermore, the 1D continuum models commonly used should implement the results of the current coupled model like the fact that the thermal conductivity is liquid water saturation dependent for instance.

In prospect, it would be challenging to manage to consider the water transfer in liquid and vapour phase in the water transfer 1D model so as to be able to simulate accurately the cases with both high RH a and high RH c .

To go further

The cathode GDL operating regime 3D diagrams obtained when simulating the liquid water formation and transport in a cathode GDL have been presented in Chapter 4. The MIPNM was used for these simulations. Therefore, the impact of the operating conditions at the anode was neglected in this study.

In this new chapter, it has been tried to assess the impact of the relative humidity at the anode In chapter 3, the fraction of heat going to the cathode side γ had been lowered from 50% to 13% to get liquid water distributions in good agreement with the experimental data from Eller et al. [11]. The current work has shown that RH a might impact both γ and β. One can therefore wonder if it would have been better to modify both γ and β to get results in good agreement with experimental data rather than only assuming that the heat (γ) should be significantly lowered because of the controlling of the temperature during the experiments. The blue boxes represent the cases for which it can be concluded that there will be liquid water in the fuel cell.

Chapter 8. Study of the impact of the anode operating conditions on the liquid water distribution in the cathode gas diffusion layer

Conclusion

The study has shown that the impact of the relative humidity at the anode RH a could be taken into account through the modification of the MIPNM parameters (the fraction of heat going to the cathode side γ and the fraction of water going to the cathode side β).

A coupled model has been developed. It couples a full anode-cathode assembly 1D model which solves the heat and water transfers with the MIPNM which simulates the liquid water formation and transport in the cathode GDL. The experiments performed by Oberholzer and Boillat have been simulated using the coupled model. The model is able to predict the regime (dry regime with dry cathode GDL or wet regime with cathode GDL containing liquid water) in agreement with the experimental observations for several operating conditions (RH a ,RH c ). For a few cases, the boundary between the dry and wet regime for a given RH c cannot be successfully determined. Finally, as the full anode-cathode assembly 1D model only consider the transfer of water in vapour phase, the coupled model is not able to converge for some operating conditions. But this non-convergence is already a result as it assures that the fuel cell must contain liquid water for these operating conditions.

The impact of RH a has also been studied for a wider range of operating conditions (T bp ,RH c , i). This has enabled us to generalize the dry-wet regime diagrams considering the humidity conditions at the anode RH a in addition to (T bp ,RH c , i).

Given the significant impact of RH a on the liquid water formation and transport in the cathode GDL, the conclusion is that RH a should be taken into account in new cathode GDL PNMs. Also, the impact of the presence of liquid water in the GDLs on the transfer properties (heat or diffusion) should be taken into account in improved 1D continuum models.

The current coupled model could also be improved. First, it would be more accurate to solve the heat and water transfer problems at least in 2D. Secondly, it would be a significant breakthrough to be able to consider both vapour and liquid water transfers in order to be able to simulate conditions leading to the wet mixed regime for instance. The main objective of the PhD work was to develop a model able to accurately compute the liquid water formation and transport in the cathode GDL for a significantly larger range of PEMFC operating conditions. To this end, a Mixed liquid-vapour Injection Pore Network Model (MIPNM) has been developed. The main feature of this model is to consider the intrusion of the produced water into the GDL in both liquid and vapour phases. The comparisons between experimental observations, numerical results obtained with previous models and numerical results obtained with the new model has permitted to validate this new model. The latter is able to compute more accurately than the previous models the liquid water formation and transport in the cathode GDL for a large range of operating conditions. The simulation of a large number of operating conditions has permitted to identify two main regimes of liquid water formation and transport, namely the condensation regime for which the occurrence of liquid water in the cathode GDL is only due to the condensation of water vapour and the mixed regime for which the occurrence of liquid water is due to both direct injection of liquid water at the GDL-CL interface and to the condensation of water vapour. This study has shown that the liquid water distribution in the cathode GDL is highly regime dependent. In addition, this study has shown that what is experimentally observed in "synchrotron" fuel cells cannot be directly applied to "real" fuel cells owing to the differences in the heat transfer between the small "synchrotron" fuel cells and the conventional fuel cells.

The impact of the wettability properties of GDLs has been studied using the MIPNM. Two situations have been studied: the degradation of the hydrophobic coating and the non-uniform distribution of the hydrophobic coating. It has been concluded that the impact of the wettability variations is highly regime dependent. This study has highlighted interesting facts. Firstly, in some cases the presence of hydrophilic pores is not necessarily detrimental and can favour the reactant gas access to the CL. This suggests that moderate defects of the hydrophobic coating can be tolerated for some cases. Secondly, it has appeared that the assessment of the overall liquid water saturation in the cathode GDL is not always a good indicator. In this respect, the assessment of the reactant gas transfer is much more appropriate. As a general rule, this study has suggested that a uniform deposition of the hydrophilic coating is preferred.

It has also been tried to modify the GDL properties with the aim of improving the performances of the fuel cell. In a first study, the microstructure of a GDL has been optimised for dry conditions to improve the reactant gas access to the CL. It has been found that the porosity of the GDL should be higher in the region below the rib which is the opposite of what happens in current fuel cells due to the compression applied on the GDL by the rib. The computation of liquid water formation and transport for different regimes in this optimised GDL has then shown that the benefits of the optimisation disappear in the presence of liquid water. Furthermore, it has been tried to modify the wettability properties of GDLs to improve the fuel cell efficiency. It has been shown that the presence of hydrophilic tubes permit to reduce the overall saturation, the presence of a top hydrophilic layer permits to decrease the saturation in the region below the rib and the presence of hydrophilic strips permit to decrease the saturation in the hydrophobic region. However, the improvements observed were quite limited for some cases and some drawbacks have been noted sometimes. The improvements are highly regime dependent. As a practical conclusion, our study suggests that conclusions drawn from a limited number of experiments should be considered with caution. The effect of a given modification, efficient for some operating conditions, can be detrimental or at least, inefficient, for others.

Finally, the impact of the anode operating conditions on the liquid water formation and transport at the cathode GDL has been studied. The MIPNM does not take into account the anode operating conditions. A full anode-cathode assembly 1D model has been coupled to the MIPNM to do so. The model has been validated by comparing numerical results with experimental observations. It has appeared that the impact of the relative humidity of the reactant gas at the anode on the liquid water distribution at the cathode is significant. This indicates that the analysis of the water management cannot be performed considering the cathode only. It is necessary to model the full anode-cathode assembly.

The perspectives of this PhD work are plural:

• it would be very interesting to characterize the fraction of liquid injection points at the inlet of the GDL. This parameter of the new model is supposed to mimic the role of the non-modelled MPL as well as some coupling with the catalyst layer. It has been shown that this parameter has a significant impact on the liquid water distribution. Obtaining this type of information from experiments would be of course highly interesting but this is not obvious based on the current spatial resolution of the imaging systems. On the numerical side, high performance computing PNM simulations coupling the catalyst layer, the MPL and the GDL is an option. However, this remains quite challenging owing to the strong contrast in the pore sizes between the GDL and the catalyst layer.

• a collaborative work between research teams doing numerical modelling and teams performing experimental studies using X-ray tomographic microscopy or neutron radiography could help clarifying the differences between "synchrotron" fuel cells and "real" fuel cells. This point is essential for the development of still more accurate numerical models.

• the last part of this PhD manuscript has highlighted the significance of the anode operating conditions. In the continuation of this work, it is advised that new models should take it into account. Also, the coupled model developed in this last part could be improved in various directions. The full anode-cathode assembly model could become 2D or 3D and it would be more relevant to take into account new phenomena as the electronic transfer. In addition, the coupled model should be improved in order to be able to compute operating conditions leading to the mixed regime.

  .1.c) which is in operation since 2018 (the first trains in France are expected to be in operation by 2022). The first French buses developed by Safra (Fig.1.1.b) are in operation since September 2019. It can also be noted that some research and industrial projects also try to implement PEMFC technology in aeronautics applications.
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 1 Figure 1.1: a) Toyota Mirai, b) Businova H2 (Safra), c) train coradia iLint (Alstom)
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 13 Figure 1.3: Logo of the PEMFC SUDOE project
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 21 Figure 2.1: Scanning-electron microscope (SEM) images of TGP-120 GDL with 0% PTFE (a) and 5% PTFE (b)[10] and SEM image of a SGL 10BB MPL[11].
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 22 Figure 2.2: Pore size distribution of a SGL 25BC GDL [2].
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 24 Figure 2.4: Schematics of experimental fuel cells (a,b) and liquid water distributions (c,d) observed thanks to X-ray tomographic microscopy (a,c)[START_REF] Eller | Progress in In Situ X-Ray Tomographic Microscopy of Liquid Water in Gas Diffusion Layers of PEFC[END_REF] and neutron radiography (b,d)[START_REF] Oberholzer | Local Characterization of PEFCs by Differential Cells: Systematic Variations of Current and Asymmetric Relative Humidity[END_REF].
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 31 Figure 3.1: Sketch of the GDL unit cell.
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 32 Figure 3.2: Example of a 3D regular cubic network of pores and throats.
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 3 Development of a Mixed liquid-vapour Injection Pore Network Model humidity of the gas flowing inside the channel (see Fig.3.3.a), x v = RH c P vs (T bp ) P ref (3.2)
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 33 Figure 3.3: Schematic of the water vapour transport problem (a) and water vapour molar fraction distribution in a dry GDL at 80 • C with RH c =100% (b).
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 34 Figure 3.4: Schematic of the heat transfer problem (a) and temperature distribution in the cathode GDL computed at 80 • C (b).
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 35 Figure 3.5: Example of the first layer of GDL pores with the three types of pores at the inlet.
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 36 Figure 3.6: Flow chart of the MIPNM algorithm.
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 37 Figure 3.7: X-ray tomographic microscopy images of the two designs of the experimental fuel cells used by Eller et al. [22].
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 38 Figure 3.8: Liquid water distributions from X-ray tomographic microscopy for the different designs and operating conditions obtained by Eller et al. [22].
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 39 Figure 3.9: Impact of α on the through-plane (a) and in-plane (b) saturation profiles. (T bp = 80 • C, i = 0.75 A•cm -2 , RH c = 100%).

Figure 3 .

 3 Figure 3.10: In-plane saturation profiles obtained with the MIPNM (α = 20%) compared to the experimental data available in [22] (Case A03 in this Ref: T bp = 80 • C, i = 0.75 A•cm -2 , RH c = 100%). The transverse coordinate x is made dimensionless using the total width of GDL unit cell.
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 311 Figure 3.11: Computed water saturation profiles (a,b,c) obtained for α = 20% simulating the experimental case A03 in [22]: through-plane (a), through-plane under the rib (b) and throughplane under the channel (c). The GDL inlet is at z δ = 0; the rib and channels (BP) are at z δ = 1. (T bp = 80 • C, i = 0.75 A•cm -2 , RH c = 100%). Colormap of liquid water distribution obtained by Eller et al. [22] for the considered fuel cell and operating condition (d).
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 312 Figure 3.12: Throat size distributions of the isotropic (a), moderately anisotropic (b) and highly anisotropic (c) networks. (The throat size distributions in (a) are not perfectly recovered as the compression effect is only applied to in-plane throats.)
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 313 Figure 3.13: Liquid water distributions for a low operating temperature and fully humidified conditions in the channel (T bp = 40 • C, i = 0.5 A•cm -2 , RH c = 100%). The top image is the experimental distribution obtained by Eller et al. [23] from X-ray tomography . Note that the channel is in the middle and ribs are on the side in the experiment, contrary to the simulations where the rib is in the middle. The image in the middle shows the distribution obtained with the LIPNM (α = 20%). The image at the bottom show the distribution obtained with the MIPNM (α = 20%).

  3.8): no liquid water in the GDL for the reference BP geometry and RH c = 80%, liquid water present only under the rib for the special BP design at RH c = 80% and finally, presence of liquid water in every region for special BP design at RH c = 80% with a peak of saturation under the rib.
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 314 Figure 3.14: Liquid water distributions for a standard operating temperature and fully humidified conditions in the channel (T bp = 80 • , i = 0.75 A•cm -2 , RH c = 80%). Comparison between the experimental distribution obtained by Eller et al. [22] from X-ray tomography (top image, the various liquid clusters are shown using various levels of grey) (reproduced with permission from authors.) and the distribution obtained from the various PNMS, namely LIPNM (α = 20%), CPNM and MIPNM (α = 20%).
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 315 Figure 3.15: Liquid water distributions for a standard operating temperature and fully humidified conditions in the channel (T bp = 80 • C, i = 0.75 A•cm -2 , RH c = 100%). Comparison between the experimental distribution obtained by Eller et al. [22] from X-ray tomography (top image, the various liquid clusters are shown using various levels of grey) and the distribution obtained from the various PNMS, namely LIPNM (α = 20%), CPNM and MIPNM (α = 20%).

Figure 3 . 16 :

 316 Figure 3.16: Liquid water distributions obtained using the MIPNM (α = 20%) for an operating temperature T bp = 80 • C and a current density i = 0.75 A•cm -2 in a cathode GDL unit cell located under a bipolar plate with L r = L ch (cases a, b) and a bipolar plate with the rib width twice as large as the channel width (L r = 2L ch ) (cases c, d).
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 317 Figure 3.17: Liquid water distribution obtained with the MIPNM (α = 10%) for the conditions of Muirhead et al. [34] (T bp = 60 • C, i = 2.5 A•cm -2 , RH c = 100%).
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 318 Figure 3.18: Water saturation profiles obtained with the calibrated MIPNM (black curves; a = 10%) and adapted experimental data (dashed lines with symbols in red) from [34]: in-plane (a), through-plane (b), through-plane under the rib (c) and through-plane under the channel (d). (T bp = 60 • C, i = 2.5 A•cm -2 , RH c = 100%).
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 319 Figure 3.19: Liquid water distribution obtained for the simulation of Chevalier et al.'s experimental conditions [24] (T bp = 60 • C, i = 1.5 A•cm -2 ) using MIPNM (α = 20%).

  4.1.a). • In the second regime, the water produced at the CL is injected in vapour phase. The water vapour diffuses through the GDL. The occurrence of liquid water in this regime is only the result of the condensation of water vapour. It is called the condensation regime (see Fig.4.1.b).• In the third regime, the occurrence of liquid water is due to both the direct injection of liquid water at the GDL-CL interface and to the condensation of water vapour within the GDL. It is referred to as the mixed regime (see Fig.4.1.c).
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 41 Figure 4.1: Schematic of the water formation and transfer regimes.

Figure 4 . 2 :

 42 Figure 4.2: Condensation diagram obtained by Straubhaar et al. using the CPNM.
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 43 Figure 4.3: Regime diagram obtained when modelling "synchrotron" FCs with the MIPNM and computed liquid water distributions for some operating conditions.
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 44 Figure 4.4: Regime diagram obtained when modelling "real" FCs with the MIPNM and computed liquid water distributions for some operating conditions.
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 45 Figure 4.5: Diagram of saturation level for the "synchrotron" FC simulations: overall saturation S in the entire GDL (top), saturation in the GDL region below the rib S rib (middle) and saturation in the GDL region below the channel S ch (bottom).
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 46 Figure 4.6: Diagram of saturation level for the "real" FC simulations: overall saturation S in the entire GDL (top), saturation in the GDL region below the rib S rib (middle) and saturation in the GDL region below the channel S ch (bottom).
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 47 Figure 4.7: In-plane saturation profiles (left) and through-plane saturation profiles in the region below the rib (right) for different cases leading to the liquid injection sub-regime. The red line is for "synchrotron" FC and the black line is for "real" FC. The operating conditions are given in the legend.

  for a "real" FC. The corresponding liquid water distributions shown in Fig.4.3 and Fig.4.4 and the in-plane and through-plane profiles plotted in Fig.4.8 for each case show that all the layers are invaded below the rib. For these cases, the saturation is much higher. It can reach S rib =0.47 for the "synchrotron" FC (T bp =80 • C, i=1.25 A•cm -2 , RH c =80%) and S rib =0.70 for the "real" FC at (T bp =60 • C, i=1.5 A•cm -2 , RH c =80%).

Figure 4 . 8 :

 48 Figure 4.8: In-plane saturation profiles (left) and through-plane saturation profiles in the region below the rib (right) for different cases leading to the condensation sub-regime. The red lines are for "synchrotron" FC and the black lines are for "real" FC. The operating conditions are given in the legend.

Fig. 4 .

 4 4 for the "real" FC and the corresponding in-plane and through-plane saturation profiles in Fig.4.9.). For some other cases, the liquid injection points are located over the entire GDL-CL interface both below the rib and the channel. This is what happens for higher RH c (see the liquid water distributions at (T bp =40 • C, i=1 A•cm -2 , RH c =100%) for both FCs shown in Fig.4.3 and Fig.4.4 and the corresponding saturation profiles plotted in Fig.4.9 for instance). Actually, the strip of liquid injection points expands when RH c increases (see all the liquid water distributions of (T bp =40 • C, i=1 A•cm -2 ) for the two different 3D regime diagrams in Fig.4.3 and Fig.4.4

  [START_REF] Lee | Pore-network analysis of two-phase water transport in gas diffusion layers of polymer electrolyte membrane fuel cells[END_REF] for the saturation in the region below the rib (T bp =50 • C, i=1.25 A•cm -2 , RH c =100%).
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 49 Figure 4.9: In-plane saturation profiles (a) and through-plane saturation profiles in the region below the rib (b) and below the channel (c) for different cases leading to the mixed sub-regime. The red lines are for "synchrotron" FC and the black lines are for "real" FC. The operating conditions are given in the legend.
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 51 Figure 5.1: Schematic of the water transfer scenarios.
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 2 Pore Network Model

  .2.b), a perfect hydrophobic treatment is imposed in the rows of elements adjacent to the GDL inlet and the outlet respectively (as illustrated in Fig.5.2.b) and an imperfect treatment in the three rows in the middle where f is varied. Thus f characterizes the fraction of hydrophilic elements in the central region of the GDL for this configuration. There are five layers of pores in the through-plane direction in the network. The central region is thus made of the three internal layers.
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 52 Figure 5.2: The two wettability configurations: a) random configuration: mixed-wet pore network with randomly distributed hydrophilic and hydrophobic elements (f =20%), b) nonuniform configuration: pore network with mixed-wet central layers (f = 20%), up and bottom layers only contain hydrophobic elements (hydrophilic elements in red and hydrophobic ones in grey).
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 53 Figure 5.3: Typical liquid water (in blue) distributions for f =0%, f =60%, f =100% for the three regimes and the two wettability configurations.
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 54 Figure 5.4: Liquid water overall saturation S in the GDL for different fraction of hydrophilic elements f and the 25 different network realisations. Each circle corresponds to a given wettability realisation and a given geometrical realisation.
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 55 Figure 5.5: Typical in-plane liquid water saturation profiles for three different values of the fraction of hydrophilic elements f =0% (solid black line), f =60% (dashed blue line) and f =100% (dash-dot redline).
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 56 Figure 5.6: Sketch of the GDL unit cell and reactant gas transfer problem.
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 57 Figure 5.7: Variation of τ with the fraction of hydrophilic elements f for a given geometrical realisation and both wettability configurations.
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 61 Figure 6.1: Illustration of the bipolar plate -gas diffusion layer -catalyst layer assembly.
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 6 Figure 6.2: a) Reactant gas molar fraction field in an isotropic GDL, b) outward normal diffusive flux along the GDL-CL interface. The flux is normalized by the average flux over the GDL-CL interface.
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 63 Figure 6.3: Flow chart of the genetic algorithm for the optimisation of the dry GDL.
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 3 Results (dry gas diffusion layer)

Figure 6 .

 6 Figure 6.4: a) Reactant gas mass flow rate (average in the y-direction, i.e. over the vertical direction in the colour maps shown on the right) distribution along the GDL-CL interface for a non-optimised reference network, the optimised GDL with the two optimisation criteria both applied, and the optimised GDL without enforcement of the constraint on the overall mass flow rate. The distribution averaged over the N ref reference networks is also shown and indicates that the selected reference network is representative; b) colour maps showing the local mass flow rate distribution over the GDL-CL interface for the different cases; the mass flow rate is normalized by q ref = q tot,ref NxNy .
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 65 Figure 6.5: Optimal distributions of x-throat and z-throat sizes in the central layer in the y-direction. The pores are not represented.
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 66 Figure 6.6: Optimal porosity field.

  8, 1]. The mass flow rate standard deviation σ obtained for each value of η is plotted in Fig.6.7.a. The value are normalized by the reference value σ ref obtained for the reference networks (average standard deviation for the N ref reference networks). The corresponding overall mass flow rates are plotted in Fig.6.7.b. The red line in Fig.6.7.b corresponds to ηq tot .
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 6 Figure 6.7: a) Normalised mass flow rate standard deviation obtained for the optimised GDL for various values of η , b) normalised outward overall mass flow rate crossing the GDL-CL interface for the optimised solution for various values of η .
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 68 Figure 6.8: Liquid water (in blue) distributions for the various wet regimes in the non-optimised reference GDL and the optimised GDL.
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 69 Figure 6.9: Saturation profiles for the various wet regimes for the non-optimised reference GDL (dashed blue line) and the optimised GDL (solid red line).
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 6 Figure 6.10: a) Reactant gas mass flow rate distribution along the GDL-CL interface in the dry regime, the dominant condensation regime, the mixed regime and with the pure liquid injection with no phase change model for the reference GDL and the optimised GDL (the reactant gas flow rate corresponds here to the average mass flow rate in the y direction, i.e. the vertical direction in Fig.6.10.b); b) Reactant gas mass flow rate distribution over the GDL-CL interface for the various cases.
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 71 Figure 7.1: Mixed wettability pore network with a density of hydrophilic tubes f =5% (the hydrophilic elements are shown in red).
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 72 Figure 7.2: Liquid water distributions computed with the MIPNM for the different values of density of holes f and the different cases.
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 73 Figure 7.3: Computed overall saturation S (top), saturation in the GDL region below the rib S rib (middle) and below the channel S ch (bottom) for all the simulations computed.
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 74 Figure 7.4: Computed reactant gas access indicator τ for all the simulations of a given realisation of geometry.
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 75 Figure 7.5: Mixed wettability pore network generated for the modelling of a two-layer GDL with a density of hydrophilic tubes f =5% (the hydrophilic elements are shown in red).
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 76 Figure 7.6: Wettability distribution of a GDL unit cell with patterned wettability made of hydrophilic strips (in red) and hydrophobic strips (in grey).
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 77 Figure 7.7: Profiles of saturation computed with the MIPNM with different wettability distributions for the operating conditions T bp =70 • C, i=0.5 A•cm -2 , RH c =100%.
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 42 Parametric study of the impact of the presence of hydrophilic strips in gas diffusion layers.
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 78 Figure 7.8: Saturation in the entire GDL S, in the hydrophilic region S w and in the hydrophobic region S nw assessed for all the simulated cases with patterned wettability GDLs.
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 79 Figure 7.9: Reactant gas access τ assessed for all the simulated cases with patterned wettability GDLs.
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 81 Figure 8.1: Liquid water distributions in operating PEMFC observed by Oberholzer and Boillat [1] when varying RH a and RH c (the cathode side is the right hand part of the 2D fuel cell and the anode one is the left hand side).

Fig. 8 .

 8 Fig.8.2 shows the dry-wet GDL regime diagram obtained for two values of γ (γ=0.5 in Fig.8.2.a and γ=0.1 in Fig.8.2.b).For each value of RH c , a transition value of β between the dry regime for which the cathode GDL remains dry and the wet regime for which the cathode GDL contains liquid water is given. Let's call β cr this critical value of β. Some liquid water distributions in the cathode GDL are also shown on the diagrams for β=0.5, β=1 and β=1.5.
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 82 Figure 8.2: Dry-wet regime diagram obtained for γ=0.50 (a) and γ=0.10 (b). In the grey region the cathode GDL remains dry while in the blue region the cathode GDL contains liquid water. Some computed liquid water distributions are shown (the central region is the region below the rib).

A

  1D model has been developed. It solves the transfers between the different layers of the anode-cathode assembly in the through-plane direction. The dimensions of the different layers are reported in Table8.2 and a sketch of the system is shown in Fig.8.3. The dimensions represent the fuel cell stack used by Oberholzer and Boillat[1]: Sigracet 24BC gas diffusion layers and a catalyst coated membrane of type Primea 5710 (Gore Ltd., USA).
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 83 Figure 8.3: Sketch of the 1D model: geometrical parameters (top), water transfer problem (middle) and heat transfer problem (bottom).
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 84 Figure 8.4: Water vapour molar fraction distribution in the cathode GDL unit cell obtained from continuum approach when imposing x=0 at the GDL-channel interface and x=1 at the GDL-CL interface.

Figure 8 . 5 :

 85 Figure 8.5: Temperature distribution in the BP and the GDL when applying a thermal gradient of 10 • C.

2

 2 The water transfer 1D model is solved. The water vapour molar fraction is computed (if the algorithm converges). The fraction of water going to the cathode side β is assessed:β = D * GDL,c c(x CL-GDL,c -x GDL-BP,c )

8. 3 .

 3 Full anode-cathode assembly 1D model coupled with the MIPNMStep 5 Steps (1) to (4) are repeated until γ and β reach converged values. A criterion of convergence is assessed at each step:= |β n -β n-1 | + |γ n -γ n-1 | (8.16)At the end, the 1D models provide the final value of γ and β and the MIPNM provides the liquid water saturation in the cathode GDL.

Figure 8 . 6 :

 86 Figure 8.6: Schematic of the coupling between the full anode-cathode assembly 1D model and the cathode GDL MIPNM.

Fig. 8 .

 8 Fig.8.7 presents the comparison between the experimental data of Oberholzer and Boillat[1] and the results from the coupled model obtained for all the pairs (RH a ,RH c ). For each converged simulation, the liquid water distribution computed by the coupled model is shown. The final value of the fraction of heat going to the cathode side γ, the fraction of water going to the cathode side β, the overall liquid water saturation in the cathode GDL S and the relative error ξ obtained for the resolution of the water transfer 1D problem are given (more details in Appendix). The red box on the experimental liquid water distribution for RH a =0% and RH c =0% delineates the cathode GDL region. The color code of the background in Fig.8.7 is commented further below.

Figure 8 . 8 :

 88 Figure 8.8: Evolution of the outputs and convergence criteria of the coupled model(γ, β, S, , ξ, λ th , τ ) for two simulations: (RH a =100%,RH c =0%) (left) and (RH a =40%,RH c =100%) (right).

Figure 8 . 9 :

 89 Figure 8.9: Temperature profiles of the converged solution computed from the coupled model for three different operating conditions.

  RH a on the regime diagram by using the full anode-cathode coupled model for computing the liquid water formation and transport.The same range of operating conditions as in chapter 4 has been used it this work. The temperature T bp is varied in the range [30• C, 40 • C, 50 • C, 60 • C, 70 • C, 80 • C, 90 • C], the current density i is varied in the range [0.25 A•cm -2 , 0.5 A•cm -2 , 0.75 A•cm -2 , 1 A•cm -2 , 1.25 A•cm -2 , 1.5 A•cm -2] and the relative humidity at the cathode RH c is varied in the range [0%, 20%, with the diagram for RH a =100% for high values of RH c while it is in better agreement with the diagram for RH a =0% for low values of RH c .

Figure 8 .

 8 Figure 8.10: Dry-wet regime diagrams obtained with the full anode-cathode assembly 1D model. Each diagram is a different value of RH a .
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		Nomenclature
	a	lattice spacing [m]
	c	mole concentration of the gas phase [mol•m -3 ]
	d	diameter [m]
	D	diffusion coefficient [m 2 •s -1 ]
	g	conductance [ ]
	f	fraction of hydrophilic elements [-]
	F	Faraday's constant [C]
	h lv	liquid-vapour phase change enthalpy [J•mol -1 ]
	h r	reaction enthalpy [J•mol -1 ]
	H	height [m]
	i	current density [A•m -2 ]
	L	length [m]
	M	molar mass [kg•mol -1 ]
	ṁnet	liquid-vapour phase change rate [mol•m -3 •s -1 ]
	n drag	drag coefficient of the membrane [-]
	P	pressure [Pa]
	Q	water flux [mol•m -2 •s -1 ]
	9 Conclusions and Perspectives RH relative humidity [-]
	S	saturation [-]
	S lv	heat source term [W•m -3 ]
	T	temperature [ • C]
	U	electrical tension [V]
	x	molar fraction [-]
	α	fraction of liquid injection points at the CL-GDL interface [-]
	β	fraction of produced water going to the cathode side [-]
	γ	fraction of heat going to the cathode side [-]
	δ	thickness [m]
		criterion of convergence of the coupled model [-]
	η	nucleation criterion [-]
	λ th	thermal conductivity [W•m -1 •K -1 ]
	λ H 2 O	water content [-]
	ξ	relative error of the solution of the water transfer 1D model [-]
	ρ	density [kg•m -3 ]
	σ	standard deviation [-]
	τ	reactant gas access indicator [-]
	φ	invasion potential [-]
	Φ	heat flux [W•m -2 ]
	Subscripts and superscripts
	bp	bipolar plate
	CL	catalyst layer
	GDL	gas diffusion layer
		x

8.4 To go further . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m membrane a / c anode side / cathode side r / ch rib region / channel region uc / co uncompressed region / compressed region Chapter 1

  The model of Straubhaar et al. has also been improved by Aghighi et al. [100] by taking into account latent heat source terms due to phase change phenomena for the resolution of the heat transfer problem. Qin et al. [103-105] have developed dynamic PNM considering phase change. The first model [103] was quite limited but it has been improved in the following studies.2.4.4 Table of all the Pore Network Models developed for the simulation of the water transport in gas diffusion layers

	Network Breakthrough Network Breakthrough	anis. comp. wett. anis. comp. wett.		120 • first PNM for GDL mixed water path network	150 • reactant gas transport mixed trapping effect	>90 • 110 • heat transfer, H 2 O diffusion	110 • dynamic PNM mixed	>90 • 120 • MPL with cracks	variable both wettabilities mixed coupling continuum + water	162 • path network, charge trans-	mixed mixed wettability port	120 • compression effect 120 •	>90 • mixed	>90 • multiple injection points >90 •	>90 • unstructured pore network 120 • impact of inlet conditions,	120 • operating condition: current network reconstructed from	density X-ray imaging	>90 • engineered pore path	(holes...)	120 • reconstructed pore network	from SEM image	>90 • sequential and kinetic algo-	rithms	mixed	mixed	120 • GDL + MPL
		rib rib																							
	Physics Physics	liquid H 2 O v O 2 heat phase charge size liquid H 2 O v O 2 heat phase charge size	trans. trans. trans. trans. change trans. trans. trans. trans. trans. change trans.	( ) ( ) ( ) ( ) 3D ( ) 2D	3D 3D	2D 2D	3D 3D	2D 3D	2D 3D	3D	3D	3D 3D	3D 3D	3D 3D	2D 3D	3D		3D 2D		3D		3D		3D	3D	3D
	Article Article			Nam, 2003 [106] Alink, 2013 [72]	Gostick, 2007 [82] Ceballos, 2013 [80]	Markicevic, 2007 [107] Medici, 2013 [95]	Sinha, 2007 [83] Shahraeeni, 2013 [115]	Bazylak, 2008 [108] Wu, 2013 [116]	Chapuis, 2008 [7] Alink, 2014 [73]	Koido, 2008 [109]	Sinha, 2008 [84]	Lee, 2009 [85] Lee, 2014 [117]	Rebai, 2009 [58] Shahraeeni, 2014 [118]	Ceballos, 2010 [86] Wu, 2014 [119]	Hinebaugh, 2010 [87] Fazeli, 2015 [90]	Lee, 2010 [110]		Lee, 2010 [88] Qin, 2015 [103]		Luo, 2010 [111]		Ceballos, 2011 [112]		Kuttanikkad, 2011 [113]	Wu, 2012 [114]	Wu, 2012 [89]

• Zenyuk et al. [101] have developed the first full anode-cathode model which uses PNM for the GDLs. Phase change phenomema are considered in this model. This model has then been used by Medici et al. [102].

•

Table 2 .

 2 1: Review of pore network models for the simulation of the water transport in the cathode GDL of a PEMFC.

2.5. Conclusion

Table 3 .

 3 1: Mass heat and geometry parameters. D is the molecular diffusion of the water vapour. It depends on temperature and pressure (D = 2.27 × 10 -5 m 2 •s -1 at T = 80 • C and P ref = 1.5 bars).

	•K -1 ]	0.25	0.25	4	6.64
	Throat size distributions	d t⊥min d t⊥max d t//min d t//max
	[µm]	14	22	10	18

Table 3 .

 3 

	design 800	800	300	200	40 • 20 • 5
	Special BP design	1600 800	300	200	60 • 10 • 5

2: Geometrical parameters for the simuation of Eller et al. cases

[22] 

Table 3 .

 3 3: Reported and computed liquid water saturations for the experiment of Eller et al. [23] at 40 • C.

		.08	31.04
	S ch [%] 13.4 [23]	34.40	15.39
	S [%]	55.62	23.17

Table 3 .

 3 ).

			RH c =80%			RH c =100%	
		Exp.	LIPNM CPNM MIPNM	Exp.	LIPNM CPNM MIPNM
	S rib [%] 17.8 [22]	58.88	50.52	59.62	51.6 [22]	77.08	-	41.67
	S ch [%]	0 [22]	18.82	0	0	26.5 [22]	34.40	-	14.51

4: Reported and computed liquid water saturations for the experiment of Eller et al. [23] at 80 • C.

  34. Muirhead, D. et al. Simultaneous characterization of oxygen transport resistance and spatially resolved liquid water saturation at high-current density of polymer electrolyte membrane fuel cells with varied cathode relative humidity. International Journal of Hydrogen Energy (2017). 35. Belgacem, N. et al. On the current distribution at the channel -rib scale in polymerelectrolyte fuel cells. International Journal of Hydrogen Energy 43, 5112-5123 (2018).
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	µm]

min [µm] d t//max [µm] d t⊥min [µm] d t⊥max [1: Pore network geometrical properties. Subscripts // and ⊥ are for in-plane and through-plane properties, respectively.

Table 5 .

 5 

	%]

2: Simulated operating conditions. 5.3. Impact of the wettability spatial variations 5.3 Impact of the wettability spatial variations

Table 6 .

 6 3: Overall mass flow rate for the various regimes and the reference and optimised GDLs.

		qtot q tot,N O-dry	S	S rib	S ch	qtot q tot,N O-dry	S	S rib	S ch
	Dry regime	1	0	0	0	1.02	0	0	0
	Condensation regime	0.94	0.22 0.47 0.005	0.97	0.11 0.18 0.006
	Mixed regime	0.52	0.39 0.59 0.19	0.62	0.41 0.60 0.16
	Pure liquid injection	0.25	0.39 0.51 0.29	0.12	0.37 0.39 0.36

Table 6 .

 6 4: Fraction of dry pores in the first row of pores next to the GDL-CL interface.

		Non-optimised GDL Optimised GDL
	Dry regime	1	1
	Condensation regime	0.88	1
	Mixed regime	0.62	0.53
	Pure liquid injection	0.29	0.18

Table 6 .

 6 

		σ	
		σ ref,N O-dry	
		Non-optimised GDL Optimised GDL
	Dry regime	1	0.28
	Condensation regime	1.06	1.01
	Mixed regime	1.31	1.57
	Pure liquid injection	1.24	1.40

5: Standard deviation of the mass flow rate distribution over the GDL-CL interface for the various regimes and the reference and optimised GDLs;

Table 7 .

 7 Tentative optimisation of the wettability properties of gas diffusion layers with respect to water management and reactant gas access.

	Pure condensation	80	0.75	100
	Mixed	40	0.5	100
	Pure liquid injection without phase change -	-	-

1: Simulated operating conditions. 123 Chapter 7.

Table 8

 8 

	Temperature T bp	70 • C
	Current density i 1 A•cm -2
	Pressure P	2 bar
	Voltage U	0.54 V *

.1.

Table 8 .

 8 1: Experimental operating conditions imposed by Oberholzer and Boillat[1]. * The value of the voltage is set to U = 0.54V for all the values of (RH a , RH c ). The authors[1] have supplied the variation of the voltage with (RH a , RH c ). U = 0.54V is a mean value. Actually, it has been measured that U should vary between 0.46V for (RH a =0%, RH c =0%) and 0.62V for (RH a =100%, RH c =0%). This aspect is further discussed later in the chapter.In their experiments, Oberholzer and Boillat[1] varied the values of RH a and RH c in the range [0%, 40%, 80%, 100%, 120%]. RH=120% means that 20% of extra water is injected in liquid phase in the gas channel while the gas is already fully humidified. This last case has not been simulated in this study.For each experimental value of RH c , simulations have been performed with different values of fraction of water going to the cathode side β and different values of fraction of heat going to the cathode side γ. Each simulation is characterized by its inputs and model parameters (RH c , β, γ).β has been varied in the range [0.01, 2.0]. β=1 would mean that all the water produced by the electrochemical reaction Q tot goes to the cathode side. β > 1 means that all the water produced by the reaction goes to the cathode side and extra water is transferred from the anode to the cathode because of the difference between RH a and RH c .

Table 8 .

 8 2: Parameters of the 1D model (geometrical parameters in the 2nd column, water transfer parameters in the 3rd column and thermal transfer parameters in the 4th column). A. stands for anode and C. for cathode.

  Pairs of (RH m,a ,RH m,c ) are set. RH m are values of the relative humidity at the CLmembrane interfaces. RH m is varied in the range [0 , 1]. The range is splitted in 10000 values. (It is assumed that the water is transferred in vapour phase. Therefore the relative humidity RH cannot be higher than 1 in the different layers of the anode-cathode assembly.)•Equation 8.7 is used to determine λ H 2 O,a and λ H 2 O,c . • Equations 8.3, 8.5 and 8.6 are used to determine N m . • The water transfer problem is solved in the anode GDL and CL (see Equations 8.1, 8.2). The boundary conditions are RH a and RH m,a . It permits to determine N GDL,a = N CL,a . • The water transfer problem is solved in the cathode GDL and CL (see Equations 8.1, 8.2). The boundary conditions are RH c and RH m,c and a source term is taken into account in the cathode CL (Equation 8.8). It permits to determine N CL,c which is the value of the flux of water at the cathode CL-membrane interface.

H 2 O,a and λ H 2 O,c (see Equations 8.3, 8.5 and 8.6) and these two variables are a non linear function of the water vapour molar fraction x (see Equation 8.7). The algorithm developed to solve the water transfer problem is the following: •
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Chapter 4

Identification of water formation and transfer regimes 

3D regime diagrams of the two fuel cells

the mixed scenario is predicted for both FCs. However, liquid water is present in all the regions of the GDL both below the rib and below the channel for the "synchrotron" FC while there is no liquid water below the channel for the "real" FC. access.

Initialisation: A population of N n networks is generated. We took N n =10. Each network is different from each other, i.e. corresponds actually to a realisation of the random process consisting in distributing randomly the throat sizes according to a given probability density function (p.d.f.). A network is defined by its throat size distribution in each direction. Thus, each network is defined by 3•N x • N y • N z parameters. Within the framework of genetic algorithms [4,5], these parameters correspond to genes. The networks are generated respecting the parameters of a reference geometry. The latter is the one used in Chapter 3. It corresponds to a moderately anisotropic GDL with compression effect below the rib. The throat sizes are randomly chosen following uniform distribution laws between d t⊥min = 14µm and d t⊥max = 22µm for the throats in the through-plane direction (z) and d t//min = 10µm and d t//min = 18µm for the throats in the in-plane directions (x and y). Also N ref reference networks are generated. In our computations, N ref =20.

Select networks: For the crossover step two networks among the population of networks are randomly selected. They are called parent networks #1 and #2. For the mutation step one network among the population of networks is randomly selected. It is called parent network. Note that the mutation step occurs after the crossover step (Fig. 6.

3).

Select genes: A number of genes to be crossovered N c or to be mutated N m is randomly chosen. N c and N m could vary from 1 to 3•N x • N y • N z which is the number of genes of each network (3 throats at each of the N x •N y •N z nodes of the network). Numerical tests have shown that the procedure was computationally much faster when a low number of crossover genes was considered. In the simulations, no more than 2% of the genes are exchanged or mutated at the same time.

Make crossover: The crossover step consists in creating two child networks (#1 and #2) from the two parent networks (#1 and #2) by exchanging the genes selected in previous steps. The genes of child network #1 are the genes of parent network #1 that have not been chosen to be exchanged combined with the genes of parent network #2 that have been chosen to be exchanged. In a similar way, child network #2 is generated.

Make mutation: The mutation step consists in creating a child network which will be a mutation of the parent network. For every gene that has been chosen to be mutated, a new value of throat diameter is randomly chosen in the range [d min , d max ]. Unless otherwise mentioned, d mn = 10µm and d max = 30µm (knowing that the lattice spacing is a = 40µm).

Assess the solutions (optimisation criteria):

The goal of the optimisation is to homogenise the flux in reactant gas over the GDL-CL interface. In the optimisation procedure, it amounts to minimizing the standard deviation of the outward mass flow rate distribution over the GDL-CL interface, which is express as:

where q(i, j) is the mass flow rate through the (i,j) interfacial throat, i.e. a throat connecting

Chapter 7

Tentative optimisation of the wettability properties of gas diffusion layers with respect to water management and reactant gas access. 

Reactant gas access

The computed values of τ are shown in Fig. 7.4 for the perforated hydrophobic GDLs and the perforated two-layer GDLs.

For the condensation regime, it can be noticed that τ is even closer to 1 with the perforated two-layer GDL design.

For the mixed regime, there is no significant improvement with the perforated two-layer GDL compared to the perforated hydrophobic GDL. τ keeps increasing with f in both cases.

However, the improvement is significant for the liquid regime. For a given value of f , τ is quite significantly higher when the GDL contains a top hydrophilic layer.

Globally, it can be expected that the new design of GDL with a top hydrophilic layer will increase the performances of the PEMFC.

Discussion

In a purely hydrophobic GDL or in a perforated hydrophobic GDL the liquid water can be blocked by the rib. This leads to higher saturation levels in the region below the rib than in the region below the channel. A new design of GDLs was tested in this study to solve this problem.

The top layer of these perforated GDLs was purely hydrophilic. It has been checked that this solution permits to decrease the saturation in the region below the rib for all the liquid invasion regimes tested (condensation regime, mixed regime and liquid injection regime). Especially, the reduction of the saturation is significant for the condensation regime and the liquid injection regime. This decrease in water saturation below the rib directly impacts the reactant gas access.

For the condensation and the liquid injection regimes, τ increases compared to the previous GDL design without the top hydrophilic layer.

It would be interesting to test this solution experimentally if any process permits to produce such a double-sided GDL. The deposition of PTFE has already been reported to be non-uniform along the through-plane direction [12]. May be a process would permit to treat only a portion of the thickness of the GDL. Otherwise, it could be tested to put together two GDLs, the first one hydrophobic and the second one highly thin and hydrophilic. 

Gas diffusion layers with hydrophilic strips

Validity of the coupled model

The first aspect to comment is the convergence of the resolution of the water transfer 1D problem (see the reported values of ξ in Fig. 8.7). For the highest values of RH a and RH c , i.e. when both RH a and RH c are in the range [80%, 100%], the resolution of the water transfer 1D problem is not possible. These cases are shown with a red background in Fig. 8.7. For these cases, the minimal relative error ξ is too high to consider that the water transfer 1D model converges. It means that no solution with relative humidities at the membrane interfaces lower than 100% can be found. In other words, the non-convergence indicates that all the water produced cannot be transferred in vapour phase for these cases. This is in agreement with the experimental data of Oberholzer and Boillat which show that both the anode and the cathode GDLs contain liquid water for these operating conditions. On the one hand, the fact that the model is not able to give results can be questioned. On the other hand, this non-convergence is to a certain extent already a result. One can also notice that ξ is quite high for the case (RH a =40%,RH c =100%), this is due to the fact that the relative humidity in the membrane is close to 1.

40%, 60%, 80%, 100%]. The new operating condition considered with the full anode-cathode 1D model is the relative humidity of the reactant gas at the anode side RH a . In this study, RH a is varied in the range [0%, 20%, 40%, 60%, 80%, 100%]. To do the simulations, the voltage has been assessed from the polarization curve already used in chapter 4. Also, the pressure has been set to P =1bar in this study to be in agreement with the conditions set in chapter 4.

In order to obtain the 3D regime diagram for each value of RH a , it would be necessary to simulate all the conditions using the coupled model. However, it has not been done yet as it requires a lot of time to make 6x6x6x7=1512 simulations using the coupled model. However, it is quite easy to obtain a dry-wet diagram with the coupled model. Firstly, as it has been highlighted in the section dealing with the validity of the coupled model, that for some conditions (RH a , RH c ), the water transfer 1D model does not converge which means that all the produced water cannot be transferred in vapour phase. Therefore, we can be sure that for such conditions, the anode-cathode assembly will contain liquid water. Secondly, it is fast to predict using the MIPNM whether the cathode GDL remains dry or not. It is simply needed to compute the initial relative humidity field in the cathode GDL. This computation has been done for all the cases. It enables us to provide a dry-wet diagram for each value of RH a considered. The dry-wet diagrams are shown in Fig. 8.10 for each value of RH a . These diagrams differentiate the operating conditions (T bp , i, RH c ) leading to the dry regime (grey boxes in Fig. 8.10) from the operating conditions leading to the wet regime (blue boxes in Fig. 8.10). There can be two reasons for being part of the wet regime: either the 1D water transfer model has not been able to converge which means that there must be liquid water in the fuel cell (cases shown in dark blue in Fig. 8.10), or the 1D water transfer model converges at the first step of iteration but the computation of the initial distribution of RH in the cathode GDL using the MIPNM for the first step of iteration of the coupled model reveals that the cathode GDL will contain liquid water (cases shown in light blue in Fig. 8.10). It is important to discuss this last reason. Actually, we cannot be certain that the coupled model would really predict the presence of liquid water for the converged solution (convergence of both γ and β). Here, we are only able to say that the first use of the MIPNM in the algorithm will predict the presence of liquid water. There are 341 operating conditions leading to this case, it would require a lot of time to solve all these cases using the coupled model.

These new diagrams show the impact of the relative humidity at the anode RH a . The higher is RH a , the more likely the presence of liquid water in the fuel cell. In particular, it can be seen that whatever the temperature or the current density, there will always be liquid water for RH a =100% and RH c =100%. Globally, it can be conclude that the wet regime will be met for higher temperatures and or lower current densities when RH a increases.

When comparing the dry-wet diagrams obtained with the MIPNM only (see chapter 4) and the different diagrams of this study which take into account RH a , it is quite difficult to find a unique value of RH a for which the dry-wet diagram matches the ones obtained with the MIPNM only. Indeed, the diagrams obtained with the MIPNM only are in good agreement Chapter 9

Conclusions and Perspectives